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“...any attempt to compare the analyses against
growth rate of specific individual bubbles is
futile. It is as impossible as trying to predict the
growth rate of a particular boy using a universal
equation.”
Hsu and Graham, 1987
Abstract
Today nucleate boiling is widely used in numerous industrial applications such as cool-
ing processes because of the high achieved heat transfer rates for low temperature
differences. It remains a possible cooling solution for thenext generation of central
processing units (CPU), which dissipate heat fluxes exceeding the capabilities of to-
day’s conventional forced air cooling. However, nucleate boiling is a very complex and
elusive process involving many mechanisms which are not fully understood yet and a
comprehensive model is still missing.
For this study a new experimental setup was designed, constructed and commissioned
to investigate bubble nucleation, growth, departure and interaction during nucleate pool
boiling from a silicon device fully immersed in fluorinert FC-72. The location of bub-
ble nucleation is controlled by artificial cavities etched into the silicon substrate. Boil-
ing is initiated with a heater integrated on the back and micro-sensors indicate the wall
temperature at the bubble nucleation site. During this workth ee different silicon test
section designs were fabricated and boiling experiments onthese substrates success-
fully conducted.
Bubble growth, bubble departure frequencies and bubble departure diameters for dif-
ferent dimensioned artificial cavities, varied pressure and increasing wall temperature
were measured from high-speed imaging sequences. Bubble interactions like vertical
and horizontal coalescence were visualised and their impact on the boiling heat trans-
fer investigated. The influence of spacing between two neighbouring artificial cavities
on bubble nucleation and departure frequencies, vertical coalescence frequencies and
departure diameters was analysed.
The acquired data are used as input for a numerical code developed by our collabora-
tors (Brunel University, UK and Los Alamos National Laboratries, USA) and are a
first step to validate the code. The code studies the interactions between bubble nu-
cleation sites on solid surfaces as a network. The simulations will help design boiling
substrates utilised for chip cooling applications with optimal artificial cavity distribu-
tion to maximise the cooling heat transfer.
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Zusammenfassung
Stationäres Blasensieden ist weitverbreitet und spielt ene wichtige Rolle in vielen
industriellen Prozessen und Anwendungen als Kühlprozess. Es können sehr hohe
Wärmeübergangszahlen bei niedrigen Temperaturdifferenzen erreicht werden. Sta-
tionäres Blasensieden bleibt ein möglicher Lösungsansatz für das Kühlen von Com-
puterprozessoren (central processing unit - CPU) der nächsten Generation, dessen
Wärmedissipation die Kapazitäten der herkömmlichen K¨uhlung durch erzwungene
Konvektion mit Luft bei weitem übertrifft. Das Blasensieden ist jedoch ein sehr kom-
plizierter und komplexer Prozess, in welchem gleichzeitigviele noch nicht ganz ver-
standene Mechanismen agieren und ein vollständiges Modell bislang nicht vorhanden
ist.
Für die vorliegende Dissertation wurde ein neuer experimenteller Aufbau geplant, ent-
wickelt und aufgebaut, um die Blasenbildung durch Keimbildung, anschliessendes
Blasenwachstum, Blasenablösung und Wechselwirkungen zwischen Blasen während
dem stationären Blasensieden auf einer Siliziumoberfläche, eingetaucht in fluorinert
FC-72, zu untersuchen. Der Ort der Blasenbildung wird durchkünstliche, auf der
Siedeoberfläche angebrachte, Kavitäten kontrolliert. In diesen bleiben Dampf- oder
Gaskeime erhalten. Auf das Siliziumplättchen wurden eineWi derstandsheizvorrich-
tung und mehrere Mikrotemperatursensoren aufgedampft. Mider Heizvorrichtung
wird das Sieden initialisiert und mit den Mikrosensoren dieWandtemperaturen bei
den künstlichen Kavitäten und somit dem Ort der Blasenbildung gemessen. Während
dieser Arbeit wurden drei verschiedene Siedeoberflächen aus Silizium hergestellt und
Siedeexperimente erfolgreich durchgeführt.
Blasenwachstumsraten, Blasenablösefrequenzen und Blasendurchmesser bei der Ablö-
sung wurden für unterschiedlich dimensionierte künstliche Kavitäten, variiertem Um-
gebungsdruck und steigenden Wandtemperaturen von ausgewerteten Hochgeschwin-
dikeitsaufnahmen gemessen. Wechselwirkungen zwischen Blasen, wie vertikale und
horizontale Koaleszenz, wurden visualisiert und ihr Einfluss auf den Wärmeübergang
während des Siedens untersucht. Der Einfluss der Distanz zwischen zwei benach-
barten künstlichen Kavitäten auf die Blasenkeimfrequenz, Blasenablösefrequenz, Fre-
quenz der vertikalen Koaleszenz und den Blasendurchmesserbei der Ablösung wurde
analysiert.
Die gemessenen Daten dienen als Eingabe für einen numerisch n Code, welcher von
weiteren an diesem Projekt beteiligten Person entwickelt wurde (Brunel Universität
in Grossbritannien und Los Alamos Nationale Forschungslabore, Vereinigte Staaten)
und sind ein erster Schritt zu dessen Validierung. Mit dem Code lassen sich die Wech-
selwirkungen zwischen Keimbildungsorten von Blasen auf einer festen Oberfläche als
Netzwerk studieren. Die Simulation wird helfen optimale Anordnungen der künst-
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Bogojević, who was a colleague and became a dear friend.
As an experimental PhD this project would never have been succe sful without the help
and support of various technicians here at the institute. I would like to thank Mr. Robert
v
Acknowledgements
Hogg (Bobby), Mr. Robert Kilgour (Rab), Mr. Kenneth Fee (Kenny) and Mr. Steven
Gourlay (Steve) for all their help, ideas, work and especially patience for any request I
had. From them, I also learned some special features of the Scottish language, which
would be inappropriate to mention here, but belong to the Scottish culture as pubs and
haggis do. Many thanks go to Mr David Archibald (Dave) and William Leslie (Bill),
who were always prepared to find solutions for electrical andelectronic problems I
faced during planning, commissioning and running my experim ntal setup.
I am grateful for my colleagues of the Multiphase Flows and Heat Transfer Laboratory
and the Institute of Materials and Processes Alastair, Alessandro, Alex, Andy, Bry-
ony, Carlos, Carmelo, Christoph, Claudia, Dario, Eduardo,Jacqueline, Jan, Jennifer,
Joachim, Jose Mario, Jovana, Meropi, Miguel, Paraskevi (Evi), Patricia, Ross, Samuel,
Vladimir, Yavor and Yuan and for the shared time in the lab, the office and at lunch.
Not to forget all the time we spent together in pubs, flat and birthday parties, Christmas
and other dinners, football and badminton games and all the great trips to the Scottish
Highlands and sights of Edinburgh and Scotland.
Many thanks go to my relatives and friends in Switzerland, who accepted my decision
to go abroad and were always there, whenever I came back home on holidays.
I feel greatly indebted to my parents Cécile and Emil and my brother Philipp for their
love and support.
And finally and most importantly I would like to thank Ingrid.She always supported
me and all my decisions. She was there for me in good and bad times, patient when I
only had my project in my head, expressed great understanding when I came home a
little grumpy from a long, hard and stressful day in the lab. Iam grateful for her belief





BNF bubble nucleation frequency
CHF critical heat flux
CL contact line
CMP chemical mechanical polishing
CPU central processing unit
DAQ data acquisition
DI deionised
DRIE deep reacting ion etching
EPDM ethylene propylene diene monomer
EPSRC Engineering and Physical Sciences Research Council
fps frames per second
HTC heat transfer coefficient
ML micro-layer
Nd:YAG neodymium-doped yttrium aluminium garnet
PC personal computer
PECVD plasma enhanced chemical vapour deposition
PEEK polyaryletherketone
PIV particle image velocimetry
PTFE polytetrafluoroethylene
RMS root mean square
RTD resistance temperature detector
SEM scanning electron microscope
TLC thermochromic liquid crystal




α W/m2K convective heat transfer coefficient
β 1/Pa compressibility
δ m local micro-layer thickness
δ m average micro-layer thickness
φ deg contact angle
φ − ratio of contact area and bubble projected area,(dc/Db)
ϕ deg apparent contact angle
κ, α m2/s thermal diffusivity
µ, η Pa s dynamic viscosity
ν m2/s kinematic viscosity
π − circular constant
∆θ deg central angle difference
ρ kg/m3 density
σ N/m surface tension
∆σ N/m surface tension difference
τ s time delay due to thermal conductance
ψ deg cavity side angle






C1 J/kgK constant boiling liquid property
cp J/kgK specific heat capacity
Db m bubble diameter
D′b − normalised bubble diameter
viii
Nomenclature
Db m average bubble diameter
Dc m cavity mouth diameter
Dd m bubble departure diameter
Dd m average bubble departure diameter
dc m contact area diameter
f 1/s bubble departure frequency
f 1/s average bubble departure frequency
fenh − dimensionless factor
f1, f2 deg function of the contact angleφ
fϕ − angle decrease fraction
g m2/s gravitational acceleration
H − characteristic length
h W/m2K heat transfer coefficient
hlg J/kg latent heat of vaporisation
I A electric current
K1 − constant
k W/mK thermal conductivity
L m thickness
Lc m cavity depth
l m length
m1 − constant(4 < m1 < 6)
N − constant
Na 1/m2 nucleation site density
n − constant
p Pa, bar pressure
pg Pa, bar partial pressure of gas or vapour
pl Pa, bar partial pressure of liquid
Q J heat energy
q̇′′ W/m2 heat flux per unit area
q̇′′e W/m2 evaporative heat flux per unit area
q̇′′MC W/m2 micro-convection heat flux
ix
Nomenclature
q̇′′ME W/m2 micro-layer evaporation heat flux
q̇′′TC W/m2 transient conduction heat flux
q̇cond W conduction heat flux
q̇conv W convection heat flux
q̇tot W overall heat flux
Ra m arithmetic average roughness
Rb m bubble radius
Rc m cavity mouth radius
Rd m bubble departure radius
Rg J/kgK specific ideal gas constant
rc m contact area radius
S m cavity spacing
T ◦C, K temperature
T∞
◦C, K bulk liquid temperature
∆T ◦C, K excess temperature or wall superheat
∆TTC
◦C, K surface and rewetting liquid temperature difference
t s time
tg s bubble growth time
tm s micro-layer evaporation time
tr s duration of the surface rewetting event
ttot s total bubble growth time(tw + tg)
tw s waiting time
t′ − normalised time
U W/m2K overall heat transfer coefficient
V V potential drop
Vb m
3 bubble vapour volume
Vbot m
3 bottom bubble vapour volume
Vcoal m
3 total vapour volume of coalesced bubbles
Vtop m
3 top bubble vapour volume
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Boiling heat transfer is widely used in power and process industries because of the
high dissipated heat fluxes at small temperature differences. Due to new developments
in silicon-based devices, a strong interest in boiling as a cooling process has arisen.
Potential difficulties in cooling by pool boiling are:
• Thermal hysteresis (excessive superheats required to activate nucleation sites).
• Non-uniformity of the temperature due to non-uniform heatsources.
• Random variations in the spatial distribution of sites.
• The deterioration in cooling that accompanies patch-wisetransition to film boil-
ing at a high critical heat flux.
The thermal management of electronic circuits and integratd circuits fabricated on
silicon is an emerging problem with increasing computing power, miniaturisation of
integrated circuits and increasing transistor density. High performing micro-chips can
already reach heat dissipation rates above150 W/cm2 and will reach around250 W/cm2
by the end of 2010. This development was anticipated and willcontinue further as
Moore’s law [24] predicts that the number of transistors perar a is to double approxi-
mately every two years. The maximum operating temperature for an integrated circuit
is 85 ◦C, exceeding this limit leads to malfunctions and partial failure and to disinte-
gration if increased further. Commercially available electronics are still cooled with
conventional forced convection air cooling illustrated inF g. 1.1.
1
Introduction
Figure 1.1: Schematical illustration of a conventional chip stack cooled with an air
flow or an other fluid (reprinted with permission of IBM Research Laboratory, Zurich,
Switzerland).
The chip placed on the chip carrier is dissipating heat whichconducts through a thermal
paste into the chip cap. From the chip cap, which most commonly has a through fin
structures increased surface area, the heat is dissipated to a forced flow of air or liquid.
The removed heat flux with forced convection air cooling willno longer be sufficient
to keep microelectronics at a satisfactory temperature in the near future. It has to
be replaced with better performing cooling methods. Pool boiling from a completely
immersed microchip is one of this possible solutions with the following advantages:
• Heat transfer during nucleate boiling is very effective.
• The temperature of the bulk liquid is not increasing duringboiling.
• The fluid volume is small compared to single phase flow applications, as the heat
is removed due to latent heat.
• Direct immersion removes the conduction path and thereby thermal contact re-
sistance from heat source to sink.
An important aspect of cooling with nucleate boiling is the right choice of boiling
liquid. The liquid will be in close contact of electronic ciruits and close to power
supply units. Health and safety during the application and in case of failure, e.g.,
leaks, must be guaranteed. As electronic devices are short lived and their performance
rapidly out-dated, environmental issues such as recyclingand waste treatment have to
2
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be considered. This leads to the following necessary criteria identified and summarised
by Moghaddam [25]:





• Suitable boiling temperature and pressure
• Low freezing point
• Environment friendly
These criteria are reasonably met by FC-72, a fluorinert™ lectronic liquid. More im-
portant, Bar-Cohenet al. [26] recently concluded that passive immersion cooling with
natural convection and/or pool boiling of fluorinert™ liquids meets the heat dissipa-
tion values anticipated for the portable equipment category and might find application
there.
Apart from the importance in engineering there are scientific questions to be elucidated
for nucleate pool boiling. Controversies over basic transport mechanisms of bubble
coalescence and its effect on the role of micro- and macro-layer, liquid resupply and
heater surface are unsolved issues. Therefore, the main purpose of nucleate boiling
research is to estimate the role of bubbles and to predict thecorr lations between the
heat transfer and the surface superheat. Despite the beginnin of nucleate pool boiling
research several decades ago, the understanding of its physics is still not complete




1.2 Outline of the thesis
This project in boiling heat transfer with controlled arrays of nucleation sites started at
the University of Edinburgh in July 2006. It was carried out in collaboration with the
Scottish Microelectronic Centre at the University of Edinburgh, Brunel University, Los
Alamos National Laboratories and the University of Ljubljana (participating persons:
Dr. K. Sefiane, Prof. A. J. Walton, Prof. D. B. R. Kenning, Prof. T. G. Karayiannis,
Prof. I. Golobǐc, Dr. R. Nelson, A. Sanna, Dr. H. Lin and G. Cummins). The objectiv
of the project in Edinburgh was to build an experimental setup to conduct pool boiling
experiments from artificial cavities on a silicon substratewith integrated heater and
temperature micro-sensors. The investigation on nucleatepool boiling processes and
experimental measurements were used as input and are a first step to the validation
of a numerical code, currently developed at Brunel University. The code was initially
written at Los Alamos National Laboratories by Pasamehmetoglu and Nelson [27] and
modified at the University of Ljubljana [28]. An improved version of the code [29] is
now used to investigate high heat flux pool boiling on a silicon plate in FC-72 with a
large number of artificial cavities; experimental data (i.e., bubble growth time, bubble
growth period, departure radius and wall superheat) for an isolated bubble are required
as input data. Analysis of the results of simulations, and particularly variation in wall
temperature and number of activation of the sites, will guide placement and choice
of activation superheat of approximately 100 micro-fabricated cavities (or more) on a
new test section. The numerical simulation is investigating he interactions between
nucleation sites as a network.
The finished experimental setup was commissioned and testedu ing silicon wafers
with artificial cavities heated from the back with an external heater. The second gen-
eration test section already had an integrated heater and temperature micro-sensors. It
was used to study single bubble growth. The third and last test section had altered
heater and sensor dimension and the artificial cavities weredistributed to study bubble
interaction during bubble growth.
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In chapter 2 the existing literature on boiling heat transfer was reviewed. Chapter 3
explains the experimental setup including the used test sections, materials and adopted
experimental procedures. Furthermore the uncertainties involved in measurement tech-
niques and equipment were estimated. In chapter 4, 5 and 6 allthe experimental results
of this study will be presented and discussed. In chapter 4 bubble growth from a sin-
gle artificial cavity was investigated. This includes the influence of cavity dimensions,
pressure and wall superheat on the bubble departure frequency, bubble departure diam-
eter and the heat flux due to bubble growth. These results are compared to results and
models recently published, introduced earlier in chapter 2. In a second series of ex-
periments the occurrence of vertical coalescence, the bubble departure frequency and
departure diameter for pressures of0.5, 0.75 and1 bar were investigated. The vapour
volume evolution in time during vertical coalescence was calcul ted from measured
bubble areas in image sequences taken with a high-speed camera, chapter 5. In chap-
ter 6 interactions between neighbouring sites were studied. Three different spacings
between two cavities,1.5, 1.2 and0.84 mm were used to study the effect of spacing
on the bubble departure frequency, the departure diameter and vertical and horizontal
coalescence at0.5 and1 bar. Final conclusions and a short outlook on future work are
given in chapter 7 and 8.
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Nucleate pool boiling heat transfer
In this chapter a review of the existing literature on pool boi ing research from the early
stage to most recent publications is presented. The first part includes boiling funda-
mentals explaining the boiling curve and stating the best known nucleate boiling heat
transfer correlation. The review continues with a comprehensive summary of mecha-
nisms acting during nucleate pool boiling. System variables which affect the behaviour
of pool boiling are followed by boiling inception, control of nucleation site distribution
and bubble dynamics including various bubble growth, departure diameter and depar-
ture frequency correlations. The chapter closes discussing interactions during boiling
and developments of silicon boiling substrates with integrated heaters and temperature
sensors.
2.1 Pool boiling heat transfer fundamentals
Boiling is defined as the evaporation at a solid-liquid interface. The temperature of the
surfaceTs has to exceed the saturation temperature of the liquid. The occurring heat





= q̇′′ = h (Ts − Tsat) = h ∆T (2.1)
whereh is the heat transfer coefficient and∆T the excess temperature or the wall
superheat. The process of boiling is characterised by the nucl ation, growth and depar-
ture of bubbles at a solid-liquid interface. Pool boiling was studied for many decades.
Nukiyama [1, 2] was the first who mentioned different boilingre imes, Fig. 2.1 top.
He conducted experiments with a horizontal nichrome wire (mlting point: 1500 K)
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at atmospheric pressure, immersed in saturated water. The heat flux was determined
by the measurement of the electrical currentI and potential dropV . The wire tem-
perature was measured from the change of the electrical resistance due to changing
temperature. First bubbles were observed after the temperatur difference between the
liquid and the wire reached5 ◦C, Fig. 2.1 bottom.
Figure 2.1: Nukiyama’s boiling curve for saturated water at atmospheric pressure
with corresponding boiling regimes included [1, 2].
Increasing the power to the wire slightly beyond the maximumheat fluxq̇′′max immedi-
ately destroyed the wire by burnout. However, when the nichrome was substituted by
platinum (melting point:2045 K), Nukiyama could maintain the heat flux aboveq̇′′max
without causing a burnout. By reducing the power to the minimum heat fluxq̇′′min the
excess temperature fell abruptly. Nukiyama was not able to measure the dotted line
plotted in Fig. 2.1, but mentioned that with the accurate control of ∆T it was possible
to measure the entire boiling curve, as it is known today. Drew and Mueller [30] were
the first, who measured the whole boiling curve with the four different boiling regimes,
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i.e., natural convection, nucleate, transition and film boiling.
The best known nucleate boiling heat transfer correlation was proposed by Rohsenow
[21]
q̇′′ = µl hlg
[









whereσ is the surface tension,hlg the latent heat of evaporation,µl the liquid viscos-
ity, ρg andρl the vapour and liquid density,cp,l the liquid specific heat capacity and
Prl the liquid Prandtl number. ParameterCs,f andn are constants, see Table B.1 in
appendix A.Cs,f takes into account the contact angle and the micro-roughness, and
their interaction in determining the nucleation site density.
2.2 Nucleate boiling
Nucleate boiling is a very effective form of heat transfer. It gives high wall heat fluxes
at low temperature differences and is widely used in industrial applications, e.g., heat
exchanger systems. Nucleate boiling is characterised by the presence of bubbles, which
maintain the heat transfer on the macroscopic level. There ar m ny elementary pro-
cesses involved from the macroscopic down to the microscopic statistical level. The
connections and relationships are graphically shown in Fig. 2.2.
A major difficulty is to integrate bubble production behaviour and all involved pro-
cesses into the correlation predicting the heat transfer from the heated wall, which puts
bubble/bubble, bubble/liquid and nucleation site/nucleation site interactions right into
the spotlight of pool boiling research.
2.2.1 Heat transfer mechanisms in nucleate pool boiling
One speaks about pool boiling, if the boiling liquid is stationary and only natural con-
vection takes place. During pool boiling, different mechanisms are involved.
8
Nucleate pool boiling heat transfer
Figure 2.2: Interrelationships of elementary processes in nucleate boiling (adapted
from Hsu and Graham [3]).
Mikic and Rohsenow [31] mentioned three mechanisms, which contribute to the high
heat flux in nucleate boiling:
1) Transient conduction to, and subsequent replacement of,the superheated liquid
layer in contact with the heating surface [21, 32, 33].
2) Evaporation of a liquid micro-layer at the base of a growing bubble, e.g., [34, 35].
3) Circulation of liquid in vicinity of a growing bubble due to thermo-capillarity
effects on vapor-liquid bubble interface [36].
As the contribution of the micro-layer was without any relative significance and for
the last effect no significance could experimentally be shown, they were neglected.
However, the model of Mikic and Rohsenow [31], including only transient conduction,
was in good agreement with experimental measurements.
Kenning [4] summarised the main mechanisms as following, Fi. 2.3:
a) Latent-heat transport [37]:
Heat is supplied near the wall to bubbles, which then move away into the bulk
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liquid. In subcooled boiling there could be simultaneous evaporation at the base
of a bubble and condensation at its tip during growth.
b) Micro-convection [38]:
Bubble growth and/or collapse causes random liquid motion very close to the
wall.
c) Vapour-liquid exchange [39]:
A “Reynolds analogy” model in which bubble growth causes an exchange of
liquid between the wall and bulk regions.
d) Surface quenching [32, 33]:
A variation of c), assuming transient conduction to the coldliquid contacting the
wall after bubble departure.
e) Wake flow [40]:
Liquid motion behind a departing bubble causes convection fr m the wall.
f) Enhanced natural convection [19]:
Bubble columns produce a cellular flow pattern similar to natur l convection
above a large horizontal surface.
g) Thermo-capillary flow [41]:
Small variations in surface tension due to temperature diffrences between the
base and the tip of a bubble cause a jet of hot liquid to flow awayfrom the wall.
Estimates based on theoretical work by Kao and Kenning [42] suggest that this
is not an important mechanism.
However, Kenning [4] argues that all the convective mechanisms have difficulty to
explain the insensitivity of the boiling curve to subcooling and are based on the as-
sumption of an self-compensating effect of subcooling on the bubble dynamics. Judd
and Merte [43] compared the mechanisms a) to f) with experimental data for the same
surface and different magnitudes of gravitational acceleration and found a poor agree-
ment.
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Figure 2.3: Heat transfer mechanisms during nucleate pool boiling, Kenning [4].
Dhir [44] identified four main mechanisms:
1) Transient conduction at the area of influence of a bubble growing from a nucle-
ation site.
2) Evaporation (a fraction of which may be included in the transient conduction) at
the vapour-liquid interface.
3) Enhanced natural convection on the region in the immediatvicinity of a grow-
ing bubble.
4) Natural convection over the area that has no active nucleation sites and is totally
free of the influence of the three mechanisms discussed above.
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Dhir maintains that the importance of these mechanisms depend on the magnitude of
the wall superheat and other system variables such as heaterg ometry, orientation with
respect to gravitational acceleration, magnitude of gravitational acceleration, etc.
Referring to Fujita [45] many researchers propose at least three main mechanisms for
the isolated bubble regime:
1) Transient conduction: Involves the bubble-induced removal f the superheat liq-
uid layer formed by transient conduction during the waitingperiod after bubble
departure. This mechanism operates within an influence areaof the departing
bubble.
2) Micro-layer evaporation mechanism is associated with the evaporation of the
micro-layer formed at the base of a growing bubble.
3) Natural convection mechanism operates.
Examples can be found in Mikic and Rohsenow [31], Graham and Hendricks [46],
Judd and Hwang [47], Shoukri and Judd [48], Judd and Lavdas [49], and Paul and
Abdelkhalik [50].
2.2.2 Effects of system variables





• Thermal properties of the solid boiling substrate
• Liquid subcooling
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Examples given by Dhir [51] for the influence of system variables are an increased
surface roughness, which moves the boiling curve to the leftor a better wettability of
the surface, which moves the boiling curve to the right. The following paragraphs only
give a choice of examples of how the above mentioned system variables can effect the
nucleate boiling regime.
Surface properties The surface micro-geometry and wettability of the boiling sur-
face affects the nucleation process. Heledet al. [52] investigated nucleate pool boil-
ing from large arrays of artificial nucleation sites. The brass boiling surface was
polished and electroplated with bright nickel and immersedin ifferent organic liq-
uids and water. Different numbers of cylindrical cavities with a mouth diameter of
0.008 ± 0.0004 in and a depth of0.039 ± 0.001 in were drilled into the2 in in di-
ameter substrate. The boiling heat transfer rate was changed by varying the number
of artificial cavities, e.g., the heat flux for methanol at a given average wall tempera-
ture superheat∆T = 11.11 K increased by75 %, as the artificial cavity density was
changed from8 to 32 percm2. However, Heledet al. noted that the heat transfer rate
cannot be increased indefinitely by increasing the number ofcavities.
Experiments by Luke [53] on boiling propane on single horizontal copper and steel
tubes with different surface roughness (emery ground, fine or rough sandblasted) showed
that the influence of the surface roughness on the heat transfer decreases with increas-
ing pressure and with increasing heat flux. The wall heat flux and superheat are in-
fluenced by the number of active nucleation sites and their inte actions [54]. Surface
properties like surface roughness and wettability influence the availability of nuclei
and subsequently potential nucleation sites.
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Gravity Early research on the influence of gravitational acceleration on nucleate
boiling was mainly sponsored by NASA and performed in drop towers. However,
conclusions in the literature are full of contradictions. Some claim an effect of the
gravity level on the boiling behaviour, others deny it. The explanation for these dis-
crepancies might be found in the short test times. The natural convection, taking place
before the drop was initiated, was not eliminated in this short time periods. The most
significant observation was the large increase of bubble size up to a few millimetre at
reduced gravity. However, the mechanism which explains theremoval of heat from a
surface under micro-gravity conditions is still missing [55].
Siegel [56] conducted experiments with saturated distilled water on a very smooth hor-
izontal nickel surface at low heat fluxes with 7 different gravity fields ranging from
1.4 to 100 % of the earth gravity. A rapid removal of small vapour bubblesmerging
into a large previously departed bubble, which remains close t the surface due to the
low rising velocity, was observed in lower gravity fields. The main bubbling feature
was the nucleation of one large bubble followed by several small bubbles before the
growth of another large bubble. The product of bubble departure frequency and di-
ameterf · Dd decreased with reduced gravity and tended to become constant below
a certain gravity level. The gravity level increases with increasing applied heat flux.
The bubble departure diameter and the growth time are increasing with reducing grav-
itational acceleration. However, the bubble contact anglewas not influenced and was
independent of gravitation.
Merte [57] and Zellet al. [58] showed with experiments using sounding rockets (test
time up to6 min) that a change in the magnitude of the gravity has little effect on
nucleate boiling. Zellet al. used wires and flat plates immersed in Freon 12, Freon
113, and saturated and subcooled water. Little effect on theoverall heat transfer from
the flat plate at constant temperature was measured, but a large increase in bubble
departure diameter was observed. They concluded that the buoyancy was replaced by
surface tension which forced the bubble to depart and evaporation was the main heat
transfer.
Dhir [51] claims that the magnitude and direction of gravitational acceleration with re-
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spect to the heater surface has an influence on the hydrodynamic and thermal boundary
layer and the bubble trajectory.
Kim et al. [59] conducted experiments with subcooled FC-72 on micro-sale heater
arrays (more details see Ruleet al. [60] in section 2.3) under low, terrestrial and high
gravity fields. At low gravity the bubbles were, as mentionedabove, large single bub-
bles, which work as a sink for small bubbles nucleating in their vicinity. The dryout
below the large bubble was held responsible for the significatly lower measured crit-
ical heat flux (CHF). Subcooling has a strong effect on the bubble diameter and CHF.
Increasing the gravitation and the level of subcooling increased the CHF. However, the
heat transfer occurring during small scale boiling was independent.
System pressure By increasing the system pressure the boiling temperature of the
liquid will increase and higher temperatures are required to conduct boiling experi-
ments. By reducing the system pressure the opposite will occur. Recently Kimet al.
[61] compared experimental data obtained by several research rs and found a differ-
ent, higher bubble growth rate at sub-atmospheric pressurecompared to experiments
conducted under atmospheric pressure conditions.
Thermal properties of the substrate Stephan and Abdelsalam [62] demonstrated
a weak effect on the boiling heat flux which can be steady stateor ransient by the
thermo-physical properties of the boiling surface.
Zhou and Bier [63] conducted boiling experiments on tubes coated with copper im-
mersed in iso-pentane and R-12. The thickness of the copper coat was varied between
2 and1000µm and all of them were sandblasted to maintain the same surfacerough-
ness conditions. The change of thermal properties with increasing thickness of the
copper layer increased the heat transfer coefficient by80 %.
Subcooling Jacobs and Shade [64] worked with carbon tetrachloride analysed by
taking high-speed images using the schlieren optical system. They concluded that
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many bubbles at any level of subcooling of the liquid were superheated when leaving
the heated surface. Bubbles carried a thin laminar layer of hot liquid at their apex,
followed by a long, usually turbulent wake of warm liquid. The authors hypothesised
that other mechanisms, such as splashing jets and natural convection in boiling, are
responsible for the remaining heat transfer.
A mathematical model for bubble dynamics in subcooled nucleate boiling has been
derived by Robin and Snyder [65]. They demonstrated that themain heat transfer
mechanism for subcooled boiling is mass transfer. They alsofound that subcooled
boiling is characterised by extremely high heat transfer rates for water systems near
atmospheric pressure. Heat fluxes of4494 kW/m2 and higher can be achieved.
Kim et al. [59] and Demiray and Kim [66] concluded in their work that subcooling
strongly affects the primary bubble size and the CHF. The departure diameter of the
bubbles and the energy transfer were larger during low subcooled boiling, whereas the
departure frequency increased with even lower temperatures, resulting in an overall
increased heat transfer. The CHF increases with higher subcooling, however, the heat
transfer at small scale boiling is not affected by subcooling.
Furthermore Parker and El-Genk [67] showed in recent experiments with FC-72 boiled
on copper and porous graphite that the heat transfer coefficient is increased during
subcooled nucleate boiling. The CHF increased linearly with increasing temperature
difference∆Tsub.
Heater geometry The effects on the boiling heat transfer of micro-pin-fins ona sil-
icon chip (10 × 10 × 0.5 mm3) immersed in degassed or gas-dissolved FC-72 have
been studied by Wei and Honda [68]. The square micro-pin-finsmanufactured by dry
etching had dimensions between30× 60µm2 and50× 270µm2 (thickness× height).
Experiments were conducted at atmospheric pressure and under subcooled conditions
∆Tsub = 0, 3, 25 and45 K. The micro-pin-fins generally enhanced the heat transfer in
the nucleate boiling region. Dissolved gas in the boiling liquid decreases the boiling
incipience temperature, which leads to better heat transfer performance in the low heat
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flux region compared to degassed FC-72. However, the heat transfer performance in
the high heat flux region was almost the same for gas-dissolved and degassed FC-72.
Kim et al. [69] conducted experiments on electrically heated platinum wires immersed
in saturated FC-72 and water at atmospheric pressure. The effect o the different wire
diameters of25, 75 and390µm in FC-72 were investigated by measuring the volume
flow rate and the bubble departure frequency. The vapour volume flow rate was cal-
culated through bubble volumes, measured with the consecutiv -photo method [70].
Reduced wire diameters led to increased boiling heat transfer due to the reduced sur-
face tension. The bubble size decreased and the bubble departur frequency increased.
Therefore, the contribution of the micro-convection increas d compared to the contri-
bution of evaporation. The390µm wire was also tested in saturated water. Although
the bubble frequency was lower and the bubble size larger, thheat transfer in water
was higher. This results from the approximately24 times higher latent heat of vapori-
sation of water compared to FC-72.
The inclination of the heater surface is found to affect the boiling heat transfer. The ef-
fect of the surface configuration on nucleate boiling heat transfer has been investigated
by Nishikawaet al. [71]. A copper plate immersed in water under atmospheric pres-
sure was used during saturated boiling experiments. The inclination angle was varied
between0 ◦ and175 ◦. The effect was remarkable in the low heat flux region. The
heat transfer coefficient increased with increased inclinatio . However, no effect was
noticeable at high heat fluxes. More information about inclined heater surfaces can be
found in Costelloet al. [72], Githinji and Sabersky [73] and Marcus and Dropkin [74].
Surface contamination Joudi and James [75] investigated the effect of contamina-
tions on stainless steel boiling substrates near the nucleation sites by corrosion products
in water and by oxide deposits in methanol during nucleate boiling. Higher temper-
ature differences were continually required for a given value of the heat flux due to
surface contaminations. However, for a given wall superheat the wettability is gener-
ally enhanced and the nucleate boiling heat transfer reduced by surface contaminations
[51].
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Experimental procedure Differences in experimental procedures, such as degassing
duration, cleaning method of the boiling substrate, ageingof the boiling surface etc.,
can affect the experimental results.
2.2.3 Preexisting nuclei, inception and nucleation site density
Corty and Foust [76] were the first to postulate a vapour-trapping mechanism in nu-
cleate boiling based on their observation that surface defects serve as nucleation sites.
Clark et al. [77] confirmed, that vapour or gas trapped in a scratch or cavity can work
as nucleus for bubble growth. In order for the nucleus not to shrink, its internal tem-
perature must equal the saturation temperature for the pressur of the vapour phase,
calculated from the Young-Laplace equation




whereRc is the cavity mouth radius andpg andpl are the partial pressures of the vapour
and the liquid. Assuming ideal gas behaviour for the vapour and that the specific
volume of the liquid compared to the one of the vapour is negligible, the Clausius-





(vg − vl) T
(2.4)
The temperature needed to activate a vapour nucleus is therefore




whereTg is the vapour temperature. Smaller cavities can be activated with increasing
nucleus vapour temperature.
The first theoretical criterion for preexisting nuclei (gas) was given by Bankoff [78].
18
Nucleate pool boiling heat transfer
A wedge shaped scratch will trap gas as long as the contact angle is reater than the
wedge angle. Bankoff showed that the necessary superheats for the onset of boiling for
heterogeneous nucleation is much smaller than for those necssary for homogeneous
nucleation. The reason for the lower superheat required canbe found in the gas and/or
vapour trapped in cavities.
Following Wang and Dhir’s [79] criterion, a cavity will trapvapour or gas if
φ > ψmin (2.6)
whereφ is the contact angle,ψmin the minimum cavity side angle of a spherical, coni-
cal or sinusoidal cavity. For the spherical and the conical cavity,ψmin can be measured
at the mouth of the cavity, since it is the same as the cavity mouth angleψm.
Well-wetting liquids, such as R-113 and FC-72, have only fewnucleation sites and the
wall superheat temperature is expected to approach the homogene us nucleation tem-
perature (≈ 90 % of the critical temperature). The wall superheat is higher tan with
less wetting liquids, however still much smaller than the corresponding homogeneous
nucleation temperature. Barthau [80] suggested that the dissolved gases in the liquid
reduce the required superheat.
Kenning [81] described the combined influence of the surfacemicro-geometry, the
surface physico-chemistry and the micro-climate of temperature, temperature gradient
and pressure on the bubble nucleation. He concluded that theverage roughness is a
bad indicator for the nucleation capability of a surface.
There are two approaches to determine the necessary wall superheat for boiling incep-
tion from a preexisting nucleus. Hsu [82] stated, that a nucle s becomes a bubble,
if the temperature of its furthest point from the heater surface is at least equal to the
saturation temperature of the boiling liquid.
The second boiling incipience approach corresponds to the critical point of instability
at the vapor-liquid interface. Nucleation starts, if the non-dimensional curvature of the
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Kmax = 1 for φ ≤ 90 ◦ (2.8)
Kmax = sinφ for φ > 90
◦ (2.9)
whereDc is the cavity mouth diameter.
According to Wei and Honda [68] and Weit al. [83] dissolved gas can initiate nucle-
ation at lower wall superheat and minimize the hysteresis ofthe boiling curve. This
will also decrease the boiling incipience temperature and confirms previous studies.
Generally an increased wall heat flux or wall superheat will increase the number of
active nucleation sites and therefore a deep knowledge of its relations are of importance
for industrial applications. Several parameters, such as the heater surface finish, the
surface wettability, heater material with its thermo-physical properties and the heater
thickness, some of them discussed in detail above, influencethe nucleation site density.
Early studies summarised in Hsu and Graham [84] give the nucleation site density as
Na ∝ ∆Tm1 (2.10)
or
Na ∝ q̇′′2 (2.11)
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whereNa is the nucleation sites density,∆T the wall superheat andm1 a constant
value between4 and6.
Kocamustafaogullari and Ishii [85] derived a correlation (Eq. 2.12) from data of mis-
cellaneous investigators for water on different surfaces and a pressure range between1
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d (2.13)
D∗c = Dc/Dd (2.14)
and


















Tg is the vapour temperature andRg the gas constant for vapour.
Wang and Dhir [79, 86] were first to make a mechanistic approach to correlate the
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relationship between existing cavities and active nucleation sites, including the sur-
face wettability. They did not include any thermal interference or seeding between
the nucleation sites, however. First they determined the siz , hape and mouth angle
of cavities on a polished copper surface. The fraction of thevapour or gas trapping
cavities is calculated from Eq. 2.10. Most of the vapour or gas tr pping cavities are
of the reservoir shaped type. A 20-fold reduction in the number of nucleation sites by
reducing the contact angle from90 ◦ to 18 ◦ was shown. Although the model is consis-
tent with empirical data, there is no practical application, si ce the measurement of the
parameters is too time consuming.
The liquid and solid phase vicinity of a nucleation site withits thermal and flow dis-
tribution can activate or deactivate nucleation sites, Kenning [87]. Increased heat flux
can activate some new nucleation sites, but the existing sites will also be more active
and can decrease the activity of other sites as shown by Kenning and Yan [54]. Ther-
mal and flow interactions and their influence on nucleation sites are discussed in more
detail in section 2.2.6.
In their experiments Theofanouset al. [88] used sub-micron titanium films (thick-
ness:100 to 140 nm) vapour deposited on borosilicate glass plates (thickness: 130µm)
which were heated electrically. They could show that the CHFperformance during nu-
cleate pool boiling improved due to increased bubble nucleation densities on aged sur-
faces. The wall superheat required for boiling incipience on this smooth surface was
10 K. These measurements are not consistent with the general cavity theory, which
requires the presence of trapped gas vapour on the heater surface in cavities, scratches,
etc. Nano-scale imperfections and defects were assumed to be the reason for the low
incipience temperature.
Qi and Klausner [89] compared a coarse (root mean squared (RMS) roughness1.02µm)
and smooth (RMS roughness0.018µm) brass boiling surface immersed in ethanol. For
the smoother surface a slightly higher superheat of1.7 K was needed to achieve incip-
ience. However, no difference in the variation of the nucleation site density appeared.
They assume that another mechanism than vapour or gas trapped in a cavity is respon-
sible. One reason could be the existence of nano-bubbles on the surface. This theory
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and the measurement of these bubbles are still controversial and further research is
necessary.
On smooth boiling substrates without cavities other mechanisms are observed. Chen
et al. [90] immersed a smooth micro-heater (approximately10 nm RMS roughness) in
degassed FC-72 at ambient properties,1 atm and25 ◦C. A homogeneous nucleation
process started when a wall superheat of80 K was reached. The vapour expansion
process includes initial explosive vapour formation, hemispherical bubble expansion
and bubble detachment. After bubble departure a small amount of vapour was left at
the surface, which forms a bubble inception point or nucleation site. Single bubble
growth was maintained at a wall superheat of44 K, i.e., much lower than the superheat
initially required for incipience.
The nucleation density during pool boiling was investigated by Benjamin and Balakr-
ishnan [91]. Saturated distilled water, carbon tetrachloride, n-hexane and acetone were
used. The experiments were conducted on stainless steel anda uminium, polished with
different grades of emery paper. The micro-roughness of theboiling substrates was
characterised with the arithmetic average roughnessRa, determined by a profilometer.
The nucleation site density in this study depended on the surface micro-roughness, the
surface tension of the liquid, thermo-physical propertiesof the heated surface and the
liquid and wall superheat.
2.2.4 Controlled location of artificial nucleation sites
Bubble growth is a very rapid process with high departure frequencies. To study sin-
gle or multiple bubble growth or interaction between nucleation sites with different
spacing, using high-speed imaging and temperature sensorsi tegrated into the boiling
substrate, the location of the bubble nucleation has to be controlled and fixed.
Gjerkěs and Golobǐc [92] used laser irradiation to produce controlled nucleation sites.
The bottom of a cylindrical stainless steel boiling chamberwas closed by a25µm thin
metal foil, either copper or titanium. The boiling chamber was filled with saturated
water and the back was heated by laser irradiation with a Nd:YAG laser. The diam-
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eter of the heated area was varied between2.27 and9 mm and the maximum power
input was70 W. The authors were able to produce single and simultaneouslyactive
nucleation sites depending on the heat flux, size and material of the heated surface.
They concluded that the bubble diameter was increased gradually, while the bubble
departure frequency reached a minimum and did not change significantly with further
increased laser heat flux.
A second method to produce controlled active nucleation sites is the implementation
of artificial cavities on the boiling surface, which will trap gas and/or vapour and act
as nuclei for bubble growth.
Rammig and Weiss [93] investigated cryogenic boiling heat transfer with liquid nitro-
gen and hydrogen. The boiling surface was built with a bottomlayer of copper, a layer
of soldering tin and coated with a top layer of Au-Pt alloy. They used cylindrical and
re-entrant artificial cavities with mouth diameters from27 to 70µm. The cylindrical
cavities had depths between100 and200µm and were arranged in-line on a10 mm
line with 10 cavities. The re-entrant cavities had a depth of230µm and their number
density was either1500 1/cm2 or 1800 1/cm2. The most important conclusion was that
artificial cavities remain active at low wall superheats, whereas on smooth surfaces no
bubbles at all were generated for the same superheat. According to the used growth
model, they could also demonstrate that the micro-layer is the main part of the heat
transfer, except for the first stage of bubble growth.
Mori and Baines [94] studied bubbles by gas diffusion in carbonated water. The main
advantage of gas diffusion are the slow growth and large departure diameters, which
make the capture and investigation of bubbles easier. On a horizontal plate, built from
stainless steel, artificial cylindrical cavities with0.6, 1.48 and20.8 mm in diameter
were manufactured. For temperatures between10 and50 ◦C and a pressure range of1
to 5 atm bubbles with a departure diameter between2 and5 mm were measured. The
surface tension effect forces an earlier departure of the bubble by forming a bubble
neck, rather than inhibiting it because of its adherent force, which attaches the bubble
to the surface.
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The effect of cavity shape on the bubble growth while simultaneously measuring sur-
face temperature fluctuations was investigated by Shoji andTakagi [95]. Conical,
cylindrical and re-entrant cavities on a0.1 mm thick copper plate were studied. Bub-
bling from the conical cavity was highly intermittent and larger local temperature fluc-
tuations, requiring higher wall superheats, were measured. The behaviour of the re-
entrant cavity was very similar to the cylindrical one, but slightly more complicated.
Chatpunet al. [96] arranged three artificial cavities either in an in-lineor triangular
pattern on a0.2 mm thick and20 × 20 mm2 mirror-like silicon wafer. The distance
between the cavities was varied between1, 2, 3 and4 mm for both patterns and the
silicon substrate was heated by laser irradiation with heatfluxes between33.8 and
55.6 kW/m2. Indications were found that both patterns influence the bubble departure
frequency, the departure diameter and the temperature distribution on the heated sur-
face. If the optimal cavity spacing for the in-line pattern was chosen, horizontal bubble
coalescence could enhance bubble dynamics better than the triangular pattern with the
same cavity spacing. The temperatures during the experiment with saturated distilled
water at atmospheric pressure were measured with a radiation thermometer with a spa-
tial resolution of125µm, a temperature resolution of0.08 K and a temporal resolution
of 3 ms.
Yu et al. [97] conducted experiments with a625µm thick and10 × 10 mm2 square
silicon plate immersed in saturated FC-72 at atmospheric pressure. Cylindrical cavities
with diameters of50, 100 and 200µm and depths of110 and 200µm were micro-
fabricated on the silicon wafer. The boiling incipience andtemperature excursion of
silicon based surfaces were more significant than on metal based surfaces. The cavity
density had more influence at higher applied heat fluxes becaus of coalescence close
to the heated surface. There was no closer focus on the individual bubble growth.
A mechanism worth mentioning in context with artificial cavities is bubble pinning. It
is possible that the bubble contact line with the boiling surface is pinned to the edge
of the mouth of the artificial cavity acting as nucleation site. This prevents the 3-phase
contact line from expanding and receding during growth and affects the heat transfer.
There were no specific studies found about this topic, but it was reported in discussions
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with other research groups.
2.2.5 Bubble dynamics
Bubble dynamics of a single bubble are divided in three mechanisms: bubble growth,
bubble departure and bubble departure frequency which includes the cooling and re-
covering of the boiling surface between succeeding bubbles.
Bubble growth One of the first models was introduced by Bošnjakovíc [98], who
believed that the heat necessary for the evaporation takingplace on the bubble surface
is coming from a thin, superheated liquid layer surroundingthe bubble. However,
Fritz and Ende [10] suggested that the thermal conduction isresponsible for the heat










kl (Ts − Tsat) t
1/2 (2.18)
whereRb(t) is the bubble radius dependent on timet, Ts−Tsat the driving temperature
difference andkl the thermal conductivity of the liquid.
However, the bubble growth is not only controlled by heat flowt the bubble surface,
i.e., not only by the energy equation. Forces acting on the bubble influence the growth
as well and are integrated in the momentum equation. Therefor , F rster and Zuber [7]
and Plesset and Zwick [8] took, in addition to the energy equation, the force balance
on a growing bubble into account. Compared to Eq. 2.18 the diff rence is only a
factor of a number. Instead of
√
4/π Forster and Zwick obtained2
√
3/π and Plesset and
Zuber2
√
π/4, respectively. Beer [99] believes the absence of considerable differences
is caused by the dominance of the energy equation during bubble growth and suggests
the following
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(Tw − Tsat)0.69 t0.69 (2.19)
where∆σ is the change of surface tension and∆θ the change of central angle of the
bubble.
In the literature, two different concepts for bubble growthere discussed. First the
bubble grows from the evaporation of the interface all around itself. The energy is
supplied from the superheated liquid layer around the growing bubble. Mikicet al. [9]
found a analytical solution for the bubble growth by introducing a geometric factor.
With this factor the shape of the growing bubble is related tothe perfect sphere and it






























whereα is the thermal diffusivity,tw the waiting time andT∞ the temperature of the
bulk liquid. If T∞ equalsTsat andtw is zero, the bubble radius will be zero, i.e., if there
is no waiting time in between succeeding bubbles for the superheated thermal liquid
layer to recover, no heat can conduct from the liquid into thebubble and no bubble can
grow.
A second considered theory supports a liquid micro-layer atthe bubble base between
the vapour-liquid interface and the heater surface. Snyderand Edwards [100] were
the first to introduce the micro-layer. The existence of the micro-layer with oscilla-
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tion in the temperature measurements at nucleation sites was confirmed by Moore and
Messler [101]. Cooper and Lloyd [102] confirmed the existence of the micro-layer
under an isolated bubble for experiments under low pressure. High heat wall and bulk
temperatures tend to promote the formation of a micro-layer. Organic liquids were
boiled on glass or ceramic surfaces during experiments. Themicro-layer thickness
was estimated from temperature measurements with a thermocouple located on the




whereνl is the kinematic viscosity,tg the bubble growth time andC = 0.8 for theoret-
ical predictions and between0.5 and1 for experimental observations.
Cooper and Lloyd [102] suggested the following two correlations for bubble growth,














1/2 (highly conducting wall) (2.24)
Lee and Nydahl [103] calculated the growth of spherical bubbles with a micro-layer,
with the proposed thickness of Cooper and Lloyd [102]. They concluded that the
evaporation from the micro-layer contributed significantly to the heat transfer.
The first to visualise the micro-layer was Jawurek [104]. A boiling chamber with a
transparent base with parallel monochromatic illumination was used. The micro-layer
reflects interference patterns similar to Newton’s rings. For methanol and ethanol at
system pressures between0.2 and0.5 atm, heat fluxes between30 and100 kW/m2 and
subcooling between0 and20 K, the thickness of the micro-layer at the outer edge of
fully grown bubbles ranged from0.2 to 0.8µm. No trends with varied parameters were
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observed.
Plesset and Prosperetti [105] disagreed about the significance of the micro-layer and
claimed a contribution from the micro-layer to the heat transfer during boiling of only
20 %.
The experimental results of Kenning and Yan [54] are consistent with the micro-layer
model and therefore the cooling of the wall during the bubblegrowth, but mention that
further investigations are required.
Takagi and Yamamoto [106] took photographic images from thesid and from the
bottom during bubble growth from a micro-scale heater. Analysing the images and
simultaneously acquiring local temperature fluctuations,they found that70 to 80 % of
the generated heat was taken away from the substrate by latent heat of vaporisation and
approximately10 % through bubble induced flow.
In order to improve the temporal and spatial resolution of temp rature and heat flux
measurements, Myerset al. [107] boiled FC-72 on a micro-heater array consisting of
96 platinum resistance heaters, micro-fabricated on a500µm thick silicon substrate.
The heater array was1 × 1 mm2 in size. A control circuit was designed to keep the
wall heat flux constant. For the studied conditions the micro-layer evaporation and
contact-line heat transfer appeared not to be the main heat transfer mechanisms during
pool boiling and contributed no more than23 %. Heat flux due to bubble coalescence
only led to small spikes and the change in wall heat flux was small. However, they
mentioned that the bubble departure time can be reduced due to the larger size of
coalesced bubbles and lead indirectly to a higher wall heat flux.
Sodtkeet al. [108] studied single bubble growth in a low gravity environment from a
10µm thin, electrically heated, stainless steel foil covered with thin black tape and a
top cover of a layer of thermochromic liquid crystals (TLC).TLC high-speed images
have been converted to actual temperature distribution profiles of the downward facing
substrate. The profiles indicated increased heat transfer through a temperature drop
found near the micro-region, Fig. 2.4 left. The heat transfer in this region of a length
in the order of1µm was100 times stronger than in the circumjacent liquid.
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A new model, which was qualitatively confirmed with experiments on a stainless steel
heater foil in a micro-gravity environment, was developed by Stephanet al. [109].
A high resolution dynamic temperature profile was measured on the outside of the
boiling substrate. They could show that during bubble growth and detachment period
more heat was taken away by evaporation than was supplied to the overall system from
the outside. Thus, the temperature in the liquid thermal boundary layer and the foil
dropped, especially near the moving apparent 3-phase contact li e at the bubble base.
During bubble rise and waiting time more heat was supplied tothe system then con-
sumed by evaporation and the temperature in the foil and the liquid thermal boundary
layer raised again. They concluded that all numerical nucleate boiling models should
consider these temperature fluctuations. The single bubblesubsystem and the signifi-
cant phenomena in the micro-region is shown in Fig. 2.4.
Figure 2.4: Left: Schematical view of a bubble with macro- and micro-layer [5].
Right: Macro- and micro-layer including significant phenomena in the micro-region
[5].
Moghaddam and Kiger [110, 111] developed a new micro-fabricted device, discussed
in more detail in section 2.3, to analyse the dynamics of heattransfer during the nucle-
ation process in saturated FC-72. The study was complemented wi h simultaneous
8000 frames per second (fps) high-speed imaging. Comparisons of measured sur-
face temperatures from sensors in different quadrants of the radially shaped sensor
array at different surface temperature indicated that the temperature distribution dur-
ing bubble growth is axial-symmetric. If apparent bubble contact areas measured from
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high-speed images, taken during bubble growth, are compared with the surface tem-
perature measurements, it can be concluded that the temperature drops at the moment
the bubble/surface contact line passes by and micro-layer evaporation takes place. The
temperature drop was measured for a second time when the contact li e receded and
the dried out surface below the bubble was rewetted with coldliquid. For the same
wall superheat bubble growth with and without waiting time was observed. No rea-
sons were given for this behaviour, however, a change of bubble shape during bubble
growth was reported. The bubble shape was nearly hemispherical during the explosive
bubble growth, which was not observed for the case without waiting time. For both
cases the heat transfer contributions due to micro-layer evaporation, micro-region heat
transfer, transient conduction and micro-convection werediscussed. In both cases the
micro-layer evaporation resulted in heat flux peaks over thecontact area, however, the
heat flux was half as high and with a time period of1 ms much longer for the bubble
growth without waiting time.
The high heat fluxes in the micro-region, reported by Sodtkeet al. [108], were not
observed, but this might be due to the short time period this mode contributed to the
overall heat flux. The transient conduction is revealed during ewetting, when the
contact line receded and was of the same order of magnitude for both cases. The de-
termined heat flux resulting from transient conduction due to rewetting for the case
without waiting time does not include the transient conduction still in progress after
bubble formation. It is around5 % of the total transient conduction and is negligi-
ble for the case with waiting time. Transient conduction started after the micro-layer
evaporation, but before the bubble departure, when the conta t line begins to recede
and took mainly place at the bubble/surface contact area, which is about0.5 · Dd.
The micro-convection, due to bubble growth, enhances in an almost constant fash-
ion the convection effect close to the contact line. It was significantly higher for the
case with waiting time, supposedly due to higher growth rateand earlier departure of
the bubble. Micro-layer evaporation, transient conduction and micro-convection were
increased with increasing surface temperature, however, th increase was more sig-
nificant for micro-convection. Micro-layer evaporation was found to be the smallest
contribution to the total heat transfer from the surface andits contribution is decreas-
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ing with increasing wall superheat. Transient conduction has the largest contribution
for low superheats for the case with no waiting time. Micro-convection is largest for
high superheats and has the least contribution for low superheats, except for the case
with no waiting time. After comparing their results to otherheat transfer models, e.g.,
[21, 31, 39, 47, 91], they pointed out that no exact agreementwas found, despite the
fact that individual components were predicted rather well. Moghaddam and Kiger
proposed an altered model
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whereφ is the ratio of contact areadc and bubble projected areaDb, Rd the bubble
departure radius,Na the nucleation site density,tm the micro-layer evaporation time,
tw the bubble waiting time,tr the duration of the surface rewetting event,tg the bubble
growth time period,rc the radius of the contact area,C1 = 1098.4 J/kgK the coefficient
for saturated FC-72 andδ the average micro-layer thickness. However, Moghaddam
and Kiger state that this model is not recommended for large surfaces, as bubble inter-
actions probably add secondary effects, which are not included in the model yet.
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Bubble departure The bubble departure diameter results from the balance of forces
acting on the bubble. This includes the inertia of the liquidand vapour, the liquid
drag on the bubble, buoyancy and surface tension. Fritz [112] proposed the following
correlation which balances the surface tension and buoyancy acting on the bubble
Dd = 0.0208 φ
√
σ
g (ρl − ρg)
(2.28)
whereφ is the contact angle in degrees. The correlation predicts the correct length
scale, but many deviations are reported in the literature, especially for high pressure.
Many more expressions obtained empirically or analytically reported in the literature
are, however, not consistent. In some sources the bubble departure diameter is increas-
ing with wall superheat, in others it is insensitive to or it even decreases with increasing
wall superheat.
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Kutateladze and Gogonin [13] and Jenson and Memmel [14] proposed correlations,
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The Jakob was defined in Eq. 2.21 andC1 is a constant for different liquids.
Waiting time is the time period in between two bubbles when the superheated liquid
layer around the nucleation site has to reform after a bubblehas departed. Hsu and
Graham [84] concluded from schlieren pictures that an area of twice the bubble de-
parture diameter is influenced by bubble motion. Han and Griffith [32, 33] obtained
an analytical expression for the waiting time by assuming the liquid layer to be semi-












wheref1 andf2 are functions of the contact angleφ andDc is the cavity mouth diam-
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The waiting time will first decrease and then increase with cavity size. However, it will
continuously decrease as the wall superheat is increased.
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Bubble departure frequency The bubble departure frequency represents the in-
verted sum of bubble growth time and waiting time. Jakob and Fritz [18] proposed
for water and hydrogen
f ·Dd = 0.078 (2.36)
Zuber et. al [19] also suggested a correlation, wheref ·Dd is constant.
f ·Dd = 0.59
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However, in the correlation of Mikic and Rohsenow [31] the product of frequency and
























wheretg is the bubble growth time.
If bubble departure frequencies are determined from predict growth and waiting
times, the results are in poor agreement with experimental measurements. Usually,
growth models only consider evaporation at the bubble base or at the liquid/vapour
interface of the bubble, but interactions between nucleation sites can strongly influ-
ence the bubble waiting time. This could be the reason for thediscrepancies observed
when predicting bubble departure frequencies. Furthermore, la ger cavities produce
larger bubbles, which changes the bubble growth time and thebubble shape is also
continuously changing during growth.
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2.2.6 Nucleation site interaction and bubble coalescence
Zuber [19] divided nucleate boiling into two regions, the regime of isolated bubbles
and the region of interference. The isolated bubble regime in nucleate pool boiling has
been discussed in many publications [51]. In this regime, bubbles are produced inter-
mittently and do not interfere with each other. When the wallsuperheat increases, the
waiting time between the nucleation of a new bubble and the departure of the previous
bubble, grown from the same site, becomes shorter. If a certain critical temperature is
reached, succeeding bubbles merge to form a mushroom-like bubble. This merger can
also involve pairs, consisting of a large bubble followed bya small one, departing from
the same nucleation site. This is known as the region of interfer nce; bubbles interfere
with each other and form continuous vapour columns and patches.
Buyevich and Webbon [113] investigated the limit of the isolated bubble regime. They
identified four contributing mechanisms that lead to this limit, a) the upward flow of
the rising bubble, which obstructs the downward flow of liquid required to compensate
for the vapour removal from the wall, b) lateral coalescenceof bubbles from several
nucleation sites to form large bubbles and extended vapour patches on the surface, c)
longitudinal coalescence close to the wall, which results in the departure of dissimilar
sized bubble pairs as mentioned before, d) longitudinal coalescence in the bulk, which
leads to the formation of vapour columns. Buyevich and Webbon identified the last
case as the most important effect for the termination of the isolated bubble region, as it
can lead to the boiling crisis and trigger the critical heat flux.
Chekanov [114] was the first to conduct experiments with two artificial nucleation
sites spaced close enough to make interactions between nucleation sites visible. The
artificial nucleation sites were created by two heated copper rods in contact with a
perm-alloy plate immersed in water. The time between two depart d bubbles from
neighbouring nucleations sites followed a gamma distribution. He introduced three
regions of interaction determined by the dimensionless cavity spacingS/Dd, whereS
is the distance between two cavity centres andDd the bubble departure diameter.
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• S/Dd < 3: The formation of a bubble at one nucleation site inhibits the forma-
tion of a vapour bubble at the neighbouring nucleation site.
• S/Dd > 3: The formation of a bubble at one nucleation site promotes thfor-
mation of a vapour bubble at the neighbouring nucleation site.
• S/Dd >> 3: No interaction between two nucleation sites is taking place.
Chekanov suggested acoustic and hydrodynamic effects as responsible mechanisms
for the observed inhibition and promotion of bubble growth from closely spaced nu-
cleation sites.
Juddet al. [49, 115–117] studied in their experiments interaction phenomena between
adjacent nucleation sites. They used a transparent glass surface, 3.6 mm thick and
coated with a0.3µm stannic oxide layer, acting as heater. To decrease the number
of active nucleation sites, to increase the bubble size and to prevent any damage of
the boiling surface, the system pressure was reduced. Like Chekanov they introduced
three regions of interaction between nucleation sites:
• S/Dd < 1 ”promotive“ region: When a nucleation site that is unable tocapture
vapour nuclei lies within the area influenced by a continually ctive nucleation
site that can deposit or “seed” vapour nuclei in it, bubbles will form at the adja-
cent nucleation site more frequently than would otherwise be the case.
• 1 < S/Dd < 3 ”inhibitive“ region: When a nucleation site that is unable to
capture vapour nuclei lies within the area influenced by an intervening active
nucleation site capable of depositing/displacing nuclei in it, that is itself under
the influence of a continually active nucleation site, bubbles will form at the
adjacent nucleation site less frequently than would otherwise be the case.
• S/Dd > 3 ”independent“ region: When bubble formation at one nucleation site
is in no way influenced by bubble formation at another nucleation site.
Juddet al. suggested the mechanism of ”site seeding“ as responsible for these phe-
nomena.
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Kenning and Yan [54] investigated temperature fluctuationsn the heated wall during
bubble growth. A direct electrically heated stainless steel plate was immersed in water.
The plate,0.13 mm thick and46 × 103 mm2 in cross-section, was carefully cleaned
and the surface was well wetting, with a contact angle less than20 ◦. The water was
degassed in a separated tank, but since the boiling chamber was opened to the atmo-
sphere, the amount of dissolved gas was uncertain. On the back of the plate a TLC
layer, which had a visual colourplay from104 to 123 ◦C, was deposited. The impor-
tance of wall temperature variations for bubble growth and activity of nucleation sites
was confirmed. The cooling effect on the wall surface was considerable. It was limited
to the maximum contact area of the bubble on the heated surface. The cooling effect
decreased closer to the outer limit of the ”area of influence“. They concluded that nu-
cleation sites inside the maximum occurring diameter of a growing bubble influence
each other through thermal fluctuations on the wall surface.This interaction caused
intermittency that had a large influence on the productivityof bubbles at the sites.
Golobǐc and Gjerkěs [118] activated nucleations sites with a laser beam (diameter of
heated spot area between1.66 and5.23 cm) on a25µm thin copper or titanium foil im-
mersed in saturated water. The laser power output was tuned with an attenuator. The
applied heat flux was up to560 kW/m2. Spacings between the three or four simultane-
ously active nucleation sites were ranging from2.6 to 4.1 mm. They concluded that
interactions between two artificially activated sites decrease the overall activity of both
sites. The activity at both sites may decrease or increase atone site and simultaneously
decrease at the other. If there is more than one active site inits vicinity, they influence
each others activity.
Zhang and Shoji [6] conducted experiments on a thin silicon surface with a thickness
of 0.2 mm and a diameter of15 mm with cylindrical artificial cavities10µm in di-
ameter and80µm deep. The cavities where arranged as single or twin cavitiesw th
different spacing of1, 2, 3, 4, 6 and8 mm. Boiling liquid was distilled water and the
silicon surface was heated by Nd:YAG laser irradiation. Temp rature fluctuations were
measured beneath and around cavities with radiation thermometers (spatial resolution
120µm, temperature resolution0.08 K and temporal resolution3 ms). All pictures
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Figure 2.5: Effect factors of nucleation site interaction: 1. Hydrodynamic interac-
tion between bubble and liquid bulk, 2. Hydrodynamic interaction between bubbles, 3.
Thermal interaction between nucleation site and heated wall and 4. Thermal interac-
tion between nucleation sites, Zhang and Shoji [6].
were captured with a high-speed camera (1297 fps). In Figure 2.5 the effect factors of
nucleation site interactions from this experiments are summarised and illustrated by
Zhang and Shoji. Interaction1 and3 can be found in single and multiple cavity exper-
iments, whereas interaction2 and4 can only be found in multiple cavity conditions.
From their experiments Zhang and Shoji found three crucial effect factors:
A Hydrodynamic interaction between bubbles.
B Thermal interaction between nucleation sites.
C Horizontal and declining bubble coalescence.
They proposed four intensity regions for the three effect faors. An overview can be
found in Table 2.1. In the ’I’ region (S/Dd > 3) none of the three interactions can
be observed, meaning that the two artificial cavities are indpendent and behave like
single cavities would. The ’H’ region (2 < S/Dd ≤ 3) is influenced by the factor
A and has a higher bubble departure frequency than region ’I’. In the ’H+T’ region
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Table 2.1: Influence intensity of 3 effect factors of nucleation site inraction for dif-
ferent ratios ofS/Dd, Zhang and Shoji [6].
Main effect factors S/Dd
Effect onf S/Dd > 3 2 < S/Dd ≤ 3 1.5 < S/Dd ≤ 2 S/Dd ≤ 1.5
Hydrodynamic interaction between
bubbles (A)
promotive × ◦ ◦ ◦
Thermal interaction between nucle-
ation sites (B)
inhibitive × × ◦ ◦
Horizontal and declining bubble co-
alescence (C)
promotive × × × ◦
×: negligible;◦: should be consid-
ered
(1.5 < S/Dd ≤ 2) effect A and B are both dominant. The dominance of the effectB
leads to a lower bubble departure frequency. In region ’H+T+C’ (S/Dd ≤ 1.5) all the
three effects have an influence on the behaviour of the process resulting in an increased
bubble departure frequency. However, the authors point outthat the influence range of
thermal interactions is also related to the thermal properties and the thickness of the
boiling substrate.
Nimkar et al. [119] compared different spacings between artificial micro-pyramidal,
re-entrant cavities, with a characteristic size of40µm etched in silicon, during boil-
ing from vertically oriented surfaces immersed in saturated FC-72 under atmospheric
pressure. For a spacing of0.5 mm the boiling substrate underperformed compared to
a plain surface, what the authors believe is caused by nucleation site interactions. The
second surface (S = 0.75 mm) showed the highest heat transfer augmentation. Bubble
departure diameter and frequency were increased with higher applied heat fluxes. No
effect of cavity spacing on departure diameter and frequency was found. However, the
density of active nucleation sites was strongly affected bythe spacing and decreased
with decreasing heat flux. A cavity spacing in the region of0.75 mm was suggested as
optimum and most of the artificial nucleation sites stay active for a wide range of heat
fluxes.
Direct bubble/bubble interaction or bubble coalescence was cl ssified by Williamson
and El-Genk [120] and Buyevich and Webbon [121] into three different types:
a) Lateral coalescence far away from the heated wall, which had no effect on boil-
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ing heat transfer.
b) Vertical coalescence between consecutive bubbles near th wall.
c) Lateral coalescence between adjacent bubbles near the wall.
Yang et al. [122] confirmed the three types with a numerical simulation.Zhang and
Shoji [6] proposed a forth type:
d) Lateral coalescence between adjacent declining bubblesnear the wall.
Types c) and d) are important for the heat transfer, but only occur when the distance
between two nucleation sites is less than1.5 times the bubble departure diameter.
Bonjour et al. [123] characterized the thermal effect of coalescence by conducting
experiments with artificial nucleation sites. A duraluminium (AU4G) vertical, heated
boiling surface was immersed in either pentane, to study theinfluence of coalescence
on the boiling curve and bubble departure diameter as a function of the wall superheat,
or R-113 for the study of the influence of coalescence on bubble frequency. Heat
fluxes between0.1 and1 kW/cm2 or wall superheats between5 to 35 K were applied.
For moderate heat fluxes, the bubble frequency decreased, but for low or high heat
fluxes it increased. Coalescence improved the heat transfercoefficient, which was
attributed to a supplementary micro-layer evaporation, forming below two merging
bubbles. However, the highest heat transfer coefficient wasmeasured for an optimal
site distance, where no coalescence took place.
2.3 Integrated micro-heaters and temperature micro-
sensors
The first micro-fabricated temperature sensors were reportd in the literature with the
emerging semiconductor technology, e.g., [124–133]. One of the first boiling substrate
with integrated temperature sensors and heater was fabricated by Miller [134]. On
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the non-planar walls of inverted pyramids, used as artificial cavities and etched on a
1.27 × 1.27 cm2 silicon boiling substrate,81 temperature micro-sensors with a size of
12×24µm2 were fabricated. These micro-sensors were the smallest, and he number of
sensors per area was the largest, found in the known literatur the time. Three types
of sensors were fabricated, a Si-RTD, a diode sensor and a germanium thin film ther-
mistor. The sensors were connected to a pin-grid by gold wirebonding. A titanium film
resistance heater was deposited on the back of the silicon. The substrate was placed
vertically inside a boiling chamber filled with FC-72. The magnitude of temperature
fluctuations observed during bubble growth was0.5 to 1.5 ◦C. A frequency analysis
indicated that the dominant bubble departure frequency wasinsensitive to changes in
heat flux. The average frequency was27.6 Hz with a standard deviation of3.2 Hz.
Rule and Kim [60] used a micro-fabricated device with an array of 96 temperature-
controlled heaters to investigate the heat transfer behaviour during pool boiling using
FC-72. The array provided a controlled local heat flux and measured the temperature
during boiling at the same time. The array of96 platinum resistance heaters was de-
posited on a quartz wafer. Each element had an area of0.26 × 0.26 mm2, a nominal
resistance of1 kΩ and a nominal temperature coefficient of resistance of0.002 ◦C−1.
With this array it was possible to keep the superheat on the boiling surface constant
by controlling the power output of each heater element individually by detecting resis-
tance changes due to temperature changes caused by bubble growth. As artificial nu-
cleation sites were not fabricated, bubble growth could occur anywhere on the heated
surface.
The same heater array was adopted by Yinet al. [135], but they only used one heater.
Bubble growth experiments in FC-72 for heat fluxes between3 and44 MW/m2 were
conducted. The heater was pulse powered for periods between1 and10 ms. For low
heat fluxes, a single bubble formed rapidly, then started to decrease in size and sta-
bilised while still attached to the heater surface. For highheat fluxes, a thin layer of
vapour formed initially, shrank and was followed by high vapour production. It was
concluded that due to the quick growth at higher heat fluxes, not e ough thermal en-
ergy was stored in the surrounding liquid to sustain a bubbleon the heater surface.
42
Nucleate pool boiling heat transfer
More experiments using the same temperature-controlled array of micro-heaters are
described in [59, 66, 69, 107, 136–139].
Moghaddamet al. [140] developed a novel60µm thick dual-layer silicon and ben-
zocyclobutene test section with an array of44 embedded temperature micro-sensors.
The Ni/Cr sensors were distributed radially around three artificial cavities with diam-
eters of0.7, 1.3 and2.4µm and covered a circle with a diameter of1 mm. The radial
resolution of the sensors was22 to 44µm and each of them had a nominal resistance
of 1 kΩ. The array was heated with a3 × 3 mm2 chromium heater, deposited on an
Al layer. They successfully measured the temperature distribution in the substrate dur-
ing bubble growth in degassed FC-72. The results were already discussed in detail in
section 2.2.5.
2.4 Conclusions
Since nucleate pool boiling research has its origins in the early 20th century, the amount
of available publications is vast. In consequence of its long history many contradic-
tions between models, experiments and authors remain. Irakli G. Shekriladze [141]
recently concluded: “A history of boiling heat transfer research represents an impres-
sive example how unwillingness to deconstruct internal contradictions of applicable
approaches leads to theoretical deadlock.” However, the reason for the high number
of controversies is more likely to be found in the characteris ics of boiling being a
very complex and elusive process. This and the continuous effort of going behind the
involved physics during nucleate boiling, proven by the amount of publications these
days, keep boiling research challenging and interesting.
An overview of the important subjects concerning this studyare given. These are
mainly nucleate boiling mechanisms, bubble dynamics and interactions between bub-
bles, liquid and boiling substrate including nucleation site . Nevertheless, the reader




This chapter describes the design, assembly and commissioning f the experimental
setup built for this experimental study. The main objectiveof the setup was to success-
fully conduct nucleate pool boiling experiments on siliconsubstrates with integrated
temperature micro-sensors and a heater over a wide range of conditions and to inves-
tigate bubble growth, nucleation and interaction from artificial cavities distributed on
the boiling substrate. Other specifications for the experimntal setup were to prevent
any contamination from the ambient environment and to use only materials, which in
contact with the boiling liquid are non-corrosive and undissolvable. The amount of
fluid used to conduct experiments had to be kept minimal due toits high price. The
test section had to be completely immersed in the boiling liquid to allow experiments
at different pressures and saturated temperatures. It was important to design the boil-
ing chamber as accessible as possible to allow rapid alternations between different test
sections. The same applies to the jig holding the silicon device in place.
3.1 Experimental apparatus
The designed and completed experimental rig is shown in Fig.3.1. The setup was built
into an aluminium frame from suitable materials to prevent any contamination by cor-
rosion or other impurities, such as dissolved molecules from insulations and gaskets.
The used materials are stainless steel, synthetic ethylenepropylene diene momomer
(EPDM), borosilicate glass, medical silicone rubber, neopr ne rubber, polytetrafluo-
roethylene (PTFE) and polyaryletheretherketone (PEEK™). The system is designed to
withstand a pressure range from0.5 to 3 bar and temperatures between0 ◦ and160 ◦C.
The main part of the setup is the boiling chamber (Cortassa & Co.), Fig. 3.2. The boil-
ing chamber has four borosilicate glass windows (Borofloat®33, Schott Jenaer Glas
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Figure 3.1: Photograph of the experimental setup including: 1) Boilingchamber, 2)
Condenser, 3) Reservoir, 4) Heating bath, 5) High-speed camer , 6) Backlight, 7)
Pump, 8) Control system, 9) Power sources, 10) High precision A/V meter, 11) Voltage
variac, 12) Data acquisition system (DAQ), 13) Current sources, 14a) PC for DAQ,
14b) PC for high-speed imaging.
GmbH), which allow optical access to the boiling substrate.To reduce heat losses
through the boiling chamber wall two temperature controlled, small flexible silicone
rubber insulated resistance heaters (SRFG series, Omega Engineering Ltd.), with a
maximum power output of320 W were wrapped around it. Four heater cartridges
(Cartridge heater, RS Components Ltd.) with a maximum powerof 880 W, were im-
plemented into the bottom lid of the chamber. The power was controlled with a voltage
variac (Chemical Technology & Chemical Engineering) and always held below190 W
(110 V) to prevent the boiling liquid from decomposing, see section 3.5 for more de-
tails. These heater cartridges are used to degas the boilingliquid and to heat it up to the
saturation temperature. Two T-type thermocouples (TMTSS-IM050U-150, Omega En-
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Figure 3.2: Left: Schematic 3D view of the stainless steel boiling chamber with con-
nection fittings and 4 borosilicate glass windows. Right: Schematic 3D view of the
inside of the stainless steel boiling chamber with 2 of 4 cartridge heaters visible.
gineering Ltd.) were used to measure the vapour and liquid temperature. Initially the
pressure inside the boiling chamber was measured with a pressure transducer (PX603,
Omega Engineering Ltd.) connected to the data acquisition system (DAQ) system, for
more details see section 3.3. Later this transducer was replac d with a digital manome-
ter (Leo2, Keller Druck AG). The boiling substrate was positi ned inside the boiling
chamber and all its necessary wires connected to the ambientw th hree sealed feed-
throughs (Amatron Ltd.) implemented into the top lid of the chamber.
The vapour is led through stainless steel piping (SS-T4-S-035-6ME, Swagelok™) with
1/4-inch outer diameter to the external condenser (Cortassa & Co.), Fig. 3.3. The
condenser and the condenser coil within were built from stainless steel. The con-
denser is connected to a heating bath (F12-EH, Julabo Labortechnik GmbH) with ad-
justable cooling water temperature and flow, which allowed to control the condenser
performance and therefore the system pressure by adjustingthese two properties and
the power input from the support heating system. A T-type thermocouple (TMTSS-
IM050U-150, Omega Engineering Ltd.) was installed to monitr the condensate tem-
perature. From the bottom of the condenser, the boiling liquid is led back into the
boiling chamber by gravitation. The boiling fluid circulation is solely due to evapora-
tion and condensation and no pump was needed.
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Figure 3.3: Left: Schematic 3D view of the stainless steel condenser with connec-
tion fittings. Right: Schematic 3D view of the inside of the stainless steel condenser
including the stainless steel coil.
For safety reasons both, the boiling chamber and the condenser have a pressure gauge
(110-826, RS components Ltd.) and a low pressure relief valve (SS-RL3S4, Swagelok™)
installed.
More detailed technical drawings of the boiling chamber andthe condenser and a pro-
cess flow diagram can be found in appendix A.
3.2 Test sections
During this study three different generations of boiling sub trates were fabricated and
used for experiments. All substrates were fabricated from3-inch (76.2 mm) double-
side polished n-type (100), single-crystalline silicon wafers with a thickness of380µm.
The measured average surface roughness for an area of25×25µm2 of the finished top
surface, where boiling will take place, is0.5 nm. An image of the surface roughness
measurement of a third generation silicon device is presentd i Fig. A.15 in appendix
A. The test sections were held in place by jigs, which had to bealt red for each
generation of the chip. The design of the boiling substratesnd the corresponding jigs




On the substrate of the first generation45 cylindrical cavities were etched into the sub-
strate, using deep reactive ion etching (DRIE), based on theBosch process, Fig. 3.4.
The cavities have a diameter of2µm. Due to the etching process there are holding
marks, whose depths were measured as22µm. The wafer is heated from the back
with a separate heater, covering a circular area with a diameter of 50.8 mm. Inside
the boiling chamber the silicon boiling substrate is placedin a PTFE jig, which stands
on three adjustable stainless steel legs, Fig. 3.5. Betweenthe table and the silicon
wafer a kapton insulated resistance heater (KH-303/10, Omega Engineering Ltd.) is
positioned and connected to the power supply. The maximum power utput is31.4 W
(1.55 W/cm2). The wall temperature of the boiling substrate was not measur d during
boiling experiments. This test section was mainly used for the commissioning of the
experimental setup. However, the first bubble growth was measur d and these prelim-
inary results are presented in section C.1, in appendix C.
Figure 3.4: Arrangement of the 45 cavities etched with DRIE, based on theBosch




Figure 3.5: Top: Schematic concept of the jig of the first generation tests ction.
Bottom left: 3D view from the top of the jig holding the first generation test section.
Bottom right: 3D view from the bottom of the jig holding the first generation test




The fabrication of the silicon chip of the second generationstarted from a3-inch wafer.
A thermal silicon dioxide layer of0.3µm was grown on both sides of the wafer to elec-
trically isolate the temperature sensors from the silicon substrate on the back side of
the wafer and to prevent any damage occurring to the front side of the wafer during
the fabrication, Fig. 3.6 (a). A lift-off process was used toform temperature sensors
on the back side of the wafer. A negative photo-resist AZ5214E was used to define
sensor tracks, and the patterned photo-resist was then usedas a shadow mask for the
subsequent Ti/Ni deposition, as shown in Fig. 3.6 (b). A combined0.02µm Ti and
0.25µm Ni layer was then deposited using a Balzers BAS450M sputterer, Fig. 3.6
(c). The wafer was immersed in acetone solvent, followed by ultrasonic agitation. The
photo-resist dissolved in the acetone and the thin metal filmon top of the photo-resist
broke into small pieces and was carried away by acetone, as shown in Fig. 3.6 (d). The
lift-off process finished with a DI (deionised) water rinse (15 minutes) and wafer dry-
ing. A 3µm plasma enhanced chemical vapour deposition oxide (PECVD) layer was
deposited on Ti/Ni layers using STS PECVD Multiplex, and a Presi E460 employed to
planarise the surface using chemical mechanical polishing(CMP) technology, Fig. 3.6
(e). To create the Al heater, a1µm layer of Al was deposited using a Balzers sputterer
and patterned using a Karl Suss MA8 wafer aligner with the Al being dry etched using
a STS RIE metal etcher. PECVD oxide was then deposited on the heater and the top
surface, planarised using CMP, Fig. 3.6 (f). The silicon dioxide layer on the front side
of the wafer was then dry etched using a Plasmatherm PK 2440 RIE etcher, Fig. 3.6
(g). The cavities were then patterned using a thick photo-resist SPR220-7 (7µm) and
were etched using a STS Multiplex ICP deep etcher, Fig. 3.6 (h) T e nominal depth
of the cavities was controlled by the etching time, so all thecavities on the chip had
the same depth. Three different versions of the chip were fabric ted, with nominal
cavity depths of40, 80 and100µm. The test devices were completed by removing the
photo-resist and dicing the wafer.
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Figure 3.6: Fabrication sequence of the second generation test section. Fabrication
includes micro-cavities, integrated temperature micro-sensors and an integrated resis-
tance heater.
Figure 3.7 shows the arrangement of the heater, the five sensors and the connection
pads on the silicon wafer. The artificial cavities etched into the boiling substrate are
located above the geometrical centre of each sensor. The chip size was19×39.5 mm2,
whereas the heater has a size of15 × 10 mm2. The heater has a serpentine layout with
17 turns. Each sensor has four connections, with two used to pass a constant current
through the sensor and the remaining two to measure the voltage change due to varying
temperature and resistance. This configuration allows a ”four p int” resistance
51
Experimental setup
Figure 3.7: Left: Schematic rear-view of the second generation silicondevice, with
5 sensors and one cavity located above each of them. Right: Photograph of the back
side of the second generation silicon device.
measurement with a higher accuracy. The second generation micro-sensors cover an
area of435 × 1500µm2 and have a serpentine layout with13 turns. At each sensor a
cavity with different nominal mouth diameter was etched 1)2µm, 2) 5µm, 3) 10µm,
4) 20µm and 5)50µm. A jig with spring probes (P6FS, Coda Systems Ltd.) was used
to provide electrical connection to each pad. These probes were embedded in a49 ×
69.5 × 10 mm3 PTFE plate with the chip being held in position with a polycarbonate
frame tightened down from the top with12 screws, Fig. 3.8. Between the PTFE
plate and the polycarbonate frame a thin medical silicone rubber gasket was placed
to seal the gap between the silicon device and frame. This gapcan act as artificial
nucleation cavity and disturbing secondary bubble growth was reduced remarkably
after the sealing was implemented.




Figure 3.8: Top: Schematic concept of the jig of the second generation test section.
Bottom left: 3D view from the top of the jig, holding the second generation test section.
Bottom right: 3D view from the bottom of the jig, holding the second generation test
section (PTFE transparent for better visibility).
3.2.3 Third generation
In the test section design of the third generation the size ofthe boiling surface was
increased, there are new16 temperature micro-sensors integrated on the top surface
with artificial cavities etched at their geometrical centre. The geometry of the sensors
was changed from rectangular to square. They cover an area of0.84 × 0.84 mm2,
however, the same metals, Ni and Ti, were used, Fig. 3.9. The resistance heater is
made from Al, rectangular and deposited on the back of the silicon wafer.
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Figure 3.9: Left: Close-up photograph of a third generation micro-sensor. The im-
age shows the square layout of the sensor with an artificial cavity in its centre. Right:
Schematic view of the third generation micros-sensor layout with 4 connections indi-
cated.
Figure 3.10 shows the arrangement of the heater, the16 s nsors and all the connection
pads on the silicon wafer. The chip size was50×50 mm2, whereas the heater has a size
of 40 × 37 mm2. The heater has a serpentine layout with8 turns. Again, each sensor
has four connections. There were two rows of micro-sensors and artificial cavities, the
top row with a diameter of10µm and the bottom row with2µm. A set of devices
with a cavity depth of80µm was fabricated. To tighten the gap between silicon device
and the top frame of the jig, a neoprene gasket was placed in between. The fabrication
steps in Fig. 3.12 (a)-(e) are the same as in Fig. 3.6 (a)-(e),only that all steps were
done on the front side of the wafer. To create the Al heater thesilicon wafer was flipped
over. PECVD oxide was then deposited on the heater and the back surface planarised
using CMP, Fig. 3.12 (f). To clean the silicon wafer it was rinsed with DI water and
dried in the Marangoni drier, Fig. 3.12 (g). The last step in Fig. 3.12 (h) is the same
as in Fig. 3.6 (h) with the difference that previous to the silicon etch, oxide etching
has to be done. The connection pads to micro-sensors and heater are not on the same
side of the wafer due to micro-fabrication limitations. Thenew jig, holding the wafer
in position and guarantying a good physical connection to the pads, has to be changed
accordingly to fulfil the new requirements.
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Figure 3.10: Top left: Photograph of the front of the third generation silicon device
with 16 micro-sensors and 64 connection pads. Top right: Schematic view of the third
generation silicon device with numbered sensors and cavities. Bottom left: Photograph
of the back of the third generation silicon device with the int grated resistance heater
and its two connection pads. Bottom right: Schematic view ofthe heater layout on the
back of the third generation silicon device.




Figure 3.11: Top: Schematic concept of the jig of the third generation test s ction.
Bottom left: 3D view from the top of the jig, holding the thirdgeneration test section.
Bottom right: 3D view from the bottom of the jig, holding the third generation test
section (PEEK™ transparent for better visibility).
3.3 Data acquisition
Voltage signals from thermocouples and the micro-sensors we e acquired and recorded
with a DAQ system (16-bit SCXI-1600 with SCXI-1100 analog input module, National
Instruments) using the LabVIEW 8.6 (National Instruments)software interface. Screen
shots of the actual programs with the user interfaces for thesecond and third generation
test sections are shown in appendix A. In this configuration the DAQ system can
sample at a maximum rate of166 kS/s, scanning all 32 channels of the SCXI-1100
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Figure 3.12: Fabrication sequence of the third generation test section.Fabrication
includes micro-cavities, integrated temperature micro-sensors and an integrated resis-
tance heater.
module with a resolution of0.15 mV and an input range of0 to 10 V. All measured
signals were ungrounded-floating, connected and measured diff rentially.
As mentioned earlier, the micro-sensors are temperature dep n nt resistors. To mea-
sure the voltage across the resistance changing with temperatur , a constant current
source had to be connected to each sensor. Initial tests showed that a current of0.5 mA
was suitable and would not lead to Joule heating (i.e., self heating) of the sensor. First
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temperature measurements with the sensors were not satisfactory due to the high sig-
nal to noise ratio. It was found, that the common high precision current source was the
main source because of its connection to the power grid. After replacing the common
current source with a self-made current source, the signal to noise ratio was reduced
to acceptable amplitudes. The layout of the self-made current source is presented in
Fig. A.13 in appendix A. The current source circuit includestwo resistors, a voltage
regulator and a transistor. To prevent a new source of noise,four 1.5 V batteries were
connected in series resulting in a voltage of6 V. The current was measured and con-
trolled with a high precision multimeter (196 System DMM, Keithley Instruments Inc.)
before, during and after each experiment. The resistance cal ulations were always cor-
rected with the actual current reading of the experiment. The variations in current was
typically below0.0001 mA. The accuracy of the current readings for a range of0 to
20 mA is±0.038 %.
First calibration attempts indicated a non-linear behaviour of the resistance with tem-
perature. The problem was solved after the thickness of the thermal oxide layer be-
tween the heater and the sensor was increased because of detecte current “leaks”.
These first tests were all conducted with the second generation sil con device.
3.4 Calibration and measurement error of the experi-
mental equipment and image processing
Pressure measurement Both pressure indicators were calibrated by the manufac-
tures. The pressure transducer has an accuracy of±0.4 % for the full range and the
pressure was indicated relatively. The digital manometer has an accuracy of±0.1 % at
room temperature and the pressure was indicated absolutely.
Thermocouples The T-type thermocouples have an accuracy of±0.5 ◦C and the
readings were checked with a high precision thermometer (F250 MkII, Automatic Sys-
tems Laboratories), which has an accuracy of±0.01 ◦C, between20 and85 ◦C. The
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thermocouples were placed in a temperature controlled heating bath together with the
platinum probe of the thermometer. The temperature was increased in steps of10 K
and after equilibrium was reached, the temperature was measured imultaneously. The
difference between the thermometer and the thermocouples was below0.45 K for the
measured range.
Temperature micro-sensor including DAQ The sensors were calibrated in-situ with
the thermocouple mounted at the bottom of the boiling chamber for the single phase
region and with both thermocouples above the boiling temperature. The sensors of
each silicon device were calibrated whenever it was newly mounted inside the boiling
chamber, even if they were in use previously. The behaviour of the sensors resistance
with temperature was near-linear. The limit of error for thermocouples and there-
fore the sensors is0.5 K. According to the manufacturer specifications the absolute
accuracy of the used DAQ system is8.2469 mV for a signal range from−10 to 10 V.
Calibration curves of five sensors of a second generation silicon device are plotted with
linearly fitted trend lines in Fig. 3.13.
































T1=(R1- 458.55) / 2.85 with R
2= 0.999
T2=(R2- 450.27) / 2.80 with R
2= 0.999
T3=(R3- 444.22) / 2.77 with R
2= 0.999
T4=(R4- 445.50) / 2.77 with R
2= 0.999
T5=(R5- 436.30) / 2.72 with R
2= 0.999
Figure 3.13: Calibration of the 5 sensors on a second generation silicon device. The
data points are plotted with linear trend lines and equations i dicated.
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The sensors had a typical sensitivity of around3 Ω/K. For the second generation sili-






whereLSi is the silicon wafer thickness andκ the thermal diffusivity of silicon. The
determined time delay at20 ◦C is 1.6 ·10−3 s. The time-averaged temperature drop due
to thermal conduction through the silicon for the second generation test section was
calculated from




whereTs is the temperature on the silicon surface on which boiling takes place,TSEN
the temperature measured with the integrated micro-sensor, q̇′′ the applied heat flux
and kSi the thermal conductivity of silicon. The temperature difference for steady
conduction of the net heat flux (after allowance for losses) between the back side,
where the sensor is situated, and the front side of the secondge eration silicon wafer
was0.1 K for the highest heat flux applied during experiments. This iswithin the limit
of error of0.5 K and therefore negligible.
The time delay was also calculated just for the sensor itself, Eq. 3.1. For the Ni/Ti
sensorτ is equal to2.8 · 10−9 s at 20 ◦C. Thermal properties of materials are given in
Table B.2 in appendix B.
Artificial cavities The artificial cavities were etched into the silicon. Fig. 3.14 left
shows a scanning electron microscope (SEM) image of a section thr ugh an elongated
cavity with a nominal depth of40µm and width of10µm, in order to check the spec-
ified dimensions of the micro-fabricated cavities. The depth measured from the SEM
image is35.4µm with the width of the cavity tapering from9.7µm (top) to10µm
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Figure 3.14: Left: SEM image of a section through an elongated cavity. Right: Image
of the cavity opening with smooth edges.
(bottom). The edge of the cavity is rather smooth as seen in Fig. 3.14 right.
Applied heat flux The applied heat flux is determined from the current and voltage
readings indicated by the power supply connected to the integra d heater. The limit
of error for the applied heat flux is±0.7 %. The readings were checked with a high
precision multimeter (196 System DMM, Keithley Instruments Inc.) with an accuracy
of ±0.058 % for a current of1 A and±0.0035 % for a voltage of10 V. The loss of heat
by conduction through the10 mm thick PTFE back side insulation for the second gen-
eration jig and the10 mm PEEK™ for the third generation to the surrounding saturated
liquid by natural convection is driven by a temperature difference approximately equal
to the wall superheat.
An empirical correlation for natural convection for a downward facing heated plate












whereα is the convective heat transfer coefficient,kw the conductive heat transfer








2 l + 2 w
(3.4)
The Rayleigh numberRa is the product of the Grashof numberG and the Prandtl
numberPr
RaH = GrH Pr =
g β (Tw − T∞) H3
ν κ
(3.5)
whereg is the gravitational acceleration,Tw the wall temperature,T∞ the fluid tem-
perature, in this case the saturation temperature of FC-72,ν the kinematic viscosity,κ










whereρ is the density of FC-72. From the equations above the overallhe t transfer
coefficient was calculated as
U =
α k
k + α Lw
(3.7)
whereLw is the wall thickness of either the PTFE or PEEK™ plate. The wall tempera-
tureTw was found through iteration untilq̇tot, q̇conv andq̇cond from the following three
equations were equal
q̇tot = l w U (TSEN − T∞) (3.8)




l w (TSEN − Tw) (3.10)
whereTSEN is the temperature measured with the micro-sensors,l the length andw
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the width of the plate. The liquid properties were implemented temperature dependent
and can be found in section 3.5 in Table 3.1 and 3.2. The thermal conductivity of PTFE
and PEEK™ was implemented as constant with0.25 W/mK at 25 ◦C, because it is only
varying little for the applied temperature range. The estima ed heat loss for the second
generation jig is less than10 % at the lowest applied heat flux of0.7 kW/m2, falling to
less than4 % at heat fluxes above17.5 kW/m2. This estimate does not allow for lateral
conduction inside the PTFE, but the measured rear temperatur of the silicon plate
does not vary more than2 K at the highest heat flux. If the same estimation is done for
the third jig the heat loss is below10 % for the lowest applied heat flux of0.5 kW/m2
and less than5.5 % at heat fluxes above7.1 kW/m2.
Image processing Most experimental results of this study were obtained by analysing
high-speed images. Measurements and resulting deductionshave to be made carefully
as they are easily more generally applied than justified, Kenning [143]. The high tem-
perature gradients involved during boiling experiments, especially close to the boiling
surface, lead to high refractive index gradients and a phenom n known as “mirage”
effect can distort the observations, Minnaert [144]. A coldfluid is denser than a warm
fluid and has therefore a greater refractive index. As light passes this colder fluid across
a sharp boundary to significantly warmer fluid layer, in the case of boiling experiments
from saturated liquid into a superheated liquid layer, the light rays bend away from
the direction of the temperature gradient. This results in the light ray being bent in a
concave, upward trajectory. If the light reaches the cameras nsor it can be interpreted
as if it traces back a perfectly straight “line of sight”. This line is ,however, at a tangent
to the path the ray takes at the point it reaches the eye. Therefor observations very
close to the heated surface have to be treated very carefully.
The camera was always set to acquire at1000 fps resulting in a temporal resolution of
1 ms. The bubble diameter during bubble growth and the bubble departure diameter
represent the apparent diameter, the widest horizontal distance or equator of the bub-
ble. The estimated accuracy is±2 px. In experiments with the second generation test
section the bubble departure frequency was calculated frommeasured bubble growth
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times of five succeeding bubbles. The accuracy of this measurments is±2 ms, how-
ever this was only indicated as error bar for the data points,where the standard devia-
tion of the average of the five bubble growth times was smaller. For the third generation
test section high-speed image sequences events like bubblenucl ation, departure and
interactions were counted. To estimate the accuracy of these m asurements is difficult.
For the nucleation, departure and vertical coalescence frequency it was set to±2 events
for the observation time of0.815 s. Due to the smaller numbers of occurred horizontal
coalescence the measurement error was estimated to be±1 events for the observation
time of0.815 s. These measurements are not influenced by the camera inclination.
The vapour volume of bubbles was calculated from measured areas of bubbles. With a
commercial image processing program (PCO Picture Viewer, SchnitzeSoft) the vapour
boundary was detected with thresholding. All pixels with a grey-level below the thresh-
old are assigned to the background. The threshold was chosens that manually mea-
sured apparent bubble diameters result in the same value. The influence of the chosen
threshold intensity (12-bit scale) on the calculated vapour volume is shown in Fig.
A.17 in appendix A. A reasonable estimated threshold error of ar und±100 is well
below the estimated accuracy of±2 px for each horizontal and vertical row of pixels,
including the camera inclination. Each pixel row is then rotated around its centre and






whereRb(y) is the bubble radius depending on the vertical position.
For the calibration of the images taken during boiling from the second generation test
sections, screws of the jigs at same horizontal height as theartificial cavities were
used. For experiments with the third generation test section the connection patterns of
the micro-sensor, located around the artificial cavity, were used to calibrate the length




The working fluid for all experiments was fluorinert FC-72 (perfluorohexane C6F14,
IUPAC: 1,1,1,2,2,3,3,4,4,5,5,6,6,6-tetradecfluorhexane). It is a clear, colourless, ther-
mally and chemically stable, compatible with sensitive materi ls, non-flammable, prac-
tically non-toxic liquid and is widely used for boiling experiments. Its low boiling
temperature (Tsat = 57.15 ◦C at p = 1 bar, 3M [20]) and dielectric properties make
it possible to completely immerse the bare electrical connections to the silicon test
section. This is an important practical consideration, because of the large number of
connections. It is important to keep the temperature of the boiling liquid always below
the decomposition temperature of around200 ◦C. The decomposed liquid may form
hydrofluoric acid with the solved water, which can lead to destruction of materials and
test sections and be seriously harmful.
In Figure 3.15 the saturation temperature is plotted against saturation pressure and in
Table 3.1 and 3.2 important thermal and physical propertiesof fluorinert FC-72 are
summarised.
Table 3.1: Properties of fluorinert FC-72 from 3M [20] (part I).
Temperature Temperature Specific heat Prandtl
capacity number
T [◦C] T [K] cp [J/kgK] Pr [−]
0 273.15 1014 15.98704
10 283.15 1029.54 14.03476
20 293.15 1045.08 12.47870
30 303.15 1060.62 11.22535
40 313.15 1076.16 10.20787
50 323.15 1091.70 9.376993
60 333.15 1107.24 8.695609
70 343.15 1122.78 8.135228
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Table 3.2: Properties of fluorinert FC-72 from 3M [20] (part II).
Temperature Liquid Vapour Kinematic
density density viscosity
T [◦C] ρl [kg/m3] ρv [kg/m3] ν [m
2/s]
0 1740 1.36220 5.44 · 10−7
10 1713.9 2.21956 4.68 · 10−7
20 1687.8 3.46255 4.09 · 10−7
30 1661.7 5.19778 3.61 · 10−7
40 1635.6 7.54132 3.22 · 10−7
50 1609.5 10.61606 2.91 · 10−7
60 1583.4 14.70080 2.65 · 10−7
70 1557.3 20.11167 2.43 · 10−7
Temperature Thermal Compressibility Surface
conductivity tension
T [◦C] k [W/mK] β [1/K] σ [dynes/cm]
0 0.0600 0.001500 12.66597
10 0.0589 0.001523 11.77936
20 0.0578 0.001546 10.90541
30 0.0567 0.001571 10.04475
40 0.0556 0.001596 9.198045
50 0.0545 0.001622 8.366092
60 0.0534 0.001648 7.549774
70 0.0523 0.001676 6.750113
Temperature Vapour Heat of Dynamic
pressure vaporisation viscosity
T [◦C] psat [kPa] hlg [kJ/kg] µ [kg/ms]
0 10.236 99.77355 0.000946
10 16.298 97.39592 0.000803
20 25.138 94.93161 0.000690
30 37.681 92.36824 0.000600
40 55.041 89.70579 0.000527
50 78.535 86.91951 0.000468
60 109.691 84.03417 0.000419
70 150.252 81.03737 0.000379
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T = 1562 / [9.729 - log(p)] - 273
Figure 3.15: Saturation curve of fluorinert FC-72.
3.6 Experimental procedure
After the construction of the experimental setup was completed, pressure tests were
conducted. The system was pressurised to3 bar with air and closed. Potential leaks
were located with leak detector foam and eliminated. To successfully pass the pressure
test, the system had to hold a pressure of3 bar for 30 minutes. This pressure test was
conducted every time the system was opened and closed. The setup was then flushed
for 8 hours with DI water and dried with pure nitrogen for4 hours. In a second step
the system was filled with a small amount of FC-72, which was circulated for8 hours.
After draining the FC-72, the system was flushed and dried with pure nitrogen for4
hours, before it was filled again with pure FC-72.
Before the test section was positioned in its holder, it was always cleaned for30 min-
utes in an ultrasonic bath, rinsed with DI water for10 minutes and dried with pure
nitrogen. Through a particle filter the boiling chamber was filled with 3 litres of FC-
72. In case the boiling chamber had to be opened for changing the test section, the
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liquid was stored in a separate welded stainless steel reservoir. After the work on the
boiling chamber, or the condenser, the liquid was pumped back into the chamber with
a pump (PHP-600 series dosing pump, Omega Engineering Ltd.). A particle filter
(Swagelok™), which was built in between the pump and the boiling chamber, removed
possible impurities. The liquid was usually circulated between boiling chamber and
reservoir for20 minutes.
The heating up was started with increasing the power output to the four heater car-
tridges and the silicone heater, wrapped around the wall of the boiling chamber, in
small steps. After1.2 bar was reached the heating bath was switched on to supply
cooling liquid to the condenser. Approximately every5 minutes incondensable gases,
accumulated in the top of the condenser, were released throug an instrument plug
valve (SS-4P4T, Swagelok™). The liquid was degassed for at least2 hours prior to
each experiment.
The pressure inside the chamber was adjusted with the temperatur and flow of the
cooling liquid supplied to the condenser. When the set pressu was reached, boiling
from the substrate was initiated by switching on the power tothe integrated or separate
heater on the back of the substrates. The heaters of all threegen rations of test sec-
tions were connected to a D.C. power supply (IPS-1820HD, Iso-tech) with A/C input
circuit and transformer. The option of a power supply using atransformer instead of a
switched-mode power supply was preferred because of considerable signal to noise ra-
tio reduction in the acquired signals of the micro-sensors.Up to37.8 kW/m2 were used
to start saturated nucleate boiling on the substrate. Afterthe onset of boiling the power
was decreased to21.3 kW/m2 and kept at this power for30 minutes to degas the test
section. The power supply was then switched off and after a waiting time of 15 min-
utes, boiling was initiated again, but the power was immediat ly reduced to reach the
chosen wall superheat. Bubble growth was now limited to the location of the artificial
cavities.
The set power must provide a wall superheat which is always above the equilibrium
superheat for a hemispherical bubble at the mouth of the cavity, which may be de-
duced from Eq. 2.3. The equilibrium superheat values for thecavity dimensions and
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Figure 3.16: Experimental procedure for the high-speed imaging, including the main
parts boiling chamber with test section, condenser, high-speed camera and backlight
source.
set pressures used during experiments are given in Table C.1in appendix C. The wall
superheat was increased up to the point, where unwanted bubble growth from new nu-
cleation sites appeared. This is the limitation of wall superheat for boiling experiments
in the present study.
In Figure 3.16 a schematic view of the experimental procedurfo the high-speed
imaging is presented. Bubble growth is observed with a high-speed camera (IDT
Nanosense MkIII) working at1000 fps. The camera has a CMOS sensor with a size of
1280×1024 pixel and takes 10-bit images. A lens (VZM™450i) including an extender
lens (×0.5 for VZM™450i), with a working distance of around20 cm, a field of view
of 3 mm and a field of depth of0.5 mm was mounted on the camera. The boiling sub-
strate was illuminated by a continuously working incoherent light source (Dedolight
400D) opposite to the camera. Due to the design of all jigs, holding the test section in
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position, the high speed camera had to be inclined at an angleof approximately20 ◦.
All experiments were conducted at saturated conditions. Assoon as the thermocou-
ples, measuring the vapour and liquid temperature, indicated the same temperature,
saturated boiling was taking place. Simultaneously to the imaging, the wall tempera-
ture was measured with the integrated temperature micro-sensors and the power sup-
plied to the integrated heater indicated at the power supply. The micro-sensors were
connected to the DAQ and with a self-made trigger, as shown inFig. A.14 in appendix
A, the start of capture was indicated in the DAQ output file with a step response of
0.5 V. The trigger separates the DAQ side from the camera electrically with an opto-
isolator to protect the DAQ signals from high frequency noise from the high-speed
camera. A voltage of5 V from an ungrounded power supply (Farnell Technology) had
to be applied to power the trigger. After one sequence was record d, the integrated
heater was switched off for15 minutes before a new wall superheat was set for further
measurements and recording.
3.7 Conclusions
A new experimental setup was designed, built and commissioned to investigate pool
boiling from a horizontal boiling substrate. It was possible to conduct boiling exper-
iments for a pressure range between0.5 and3 bar. Three different boiling substrates
were micro-fabricated, including the jigs to hold them in place. The accuracy of the
micro-fabrication and the used equipment was discussed in detail and the DAQ system
including the program is presented. Important properties of the used boiling liquid
are introduced. The chapter closes with a detailed experimental procedure including
commissioning, cleaning of the setup and test sections, presu tests, boiling liquid




For an artificial cavity to qualify as a nucleation site for single bubble growth cer-
tain requirements have to be fulfilled. The spacing between two neighbouring cavities
or nucleation sites has to be wide enough, so that no thermal interactions within the
substrate or the liquid phase, no physical interactions betwe n bubbles and no bubble
induced liquid motions occur. In chapter 2, in section 2.2.6, regions of interaction were
generally determined byS/Dd, whereS is the spacing between two active nucleation
sites andDd the average departure diameter. ForS/Dd > 3 no interactions between
two sites were reported in the literature, Zhang and Shoji [6].
Bubble growth was measured during boiling from artificial cavities at S3 on the sec-
ond generation device and from the cavity at S8 on the third generation device, Fig.
4.1. Experiments with different artificial cavity depths and varied pressures of1, 1.25
and 1.5 atm were all conducted on second generation test sections (S3 only). The
nominal cavity mouth diameter was for all measurements10µm and three different
silicon wafers, each with a different cavity depth of40, 80 and100µm, were used.
The distance from the cavities above sensor S2 and S4 to sensor S3 is4.25 mm, while
the dimension between the cavities above sensors S1 and S5 and the one above S3 is
7.065 mm. S3 can be treated as an isolated nucleation site for bubble departure diam-
eters smaller than1.42 mm. On the third generation device the two rows of artificial
cavities (S1-S8 and S9-S16) are10 mm afar from each other. In between the cavities
S7 and S8 is a distance of2 mm. The maximum bubble departure diameter for isolated
bubble growth is0.67 mm following the above specifications.
For the remaining experiments, including bubble growth at pressures of0.5, 0.75 and
1 bar, vertical and horizontal coalescence and nucleation site interactions, presented
in this and the following two chapters, only third generation test sections were used.
Only bubble growth from the cavity at sensor S8 was observed,see Fig. 4.1 right.
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Figure 4.1: Left: Arrangement of the artificial cavities on the second generation sili-
con device. Right: Arrangement of the artificial cavities onthe third generation silicon
device.
4.1 Bubble growth rate
The bubble diameter was measured from images taken by the hig-speed camera as the
maximum apparent diameter of the bubble or bubble equator. In Figure 4.2 a sequence
of images with a temporal resolution of 6 ms for bubble growthfrom the80µm deep
cavity with a mouth diameter of10µm and a wall superheat of1.1 K at 1.25 atm is
shown.
In Figure 4.3 the average bubble growth of three successive bubbles from S3 of the sec-
ond generation test section is presented. The diameters were m asured from images
taken for a wall superheat of1.3 K and an applied heat flux of0.85 kW/m2 at atmo-
spheric pressure from the100µm deep artificial cavity. The error bars indicate the
standard deviation of the average of the three successive bubbles. It was replaced by
the uncertainty of the apparent diameter measurement of±2 px if the standard devia-
Figure 4.2: High-speed images of a bubble growth sequence from an isolated cav-
ity (S3) with a nominal mouth diameter of 10µm and a depth of 80µm, a temporal
resolution of 6 ms and a wall superheat of 1.1 K at 1.25 atm.
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 T = 1.3 K, q'' = 0.85kW/m2
 Fit: y = 0.07x0.38
Figure 4.3: Average bubble growth of three successive bubbles at a wall superheat of
1.3 K and an applied heat flux of 0.85kW/m2 at atmospheric pressure from an isolated
cavity (S3) with a nominal mouth diameter of 10µm and depth of 100µm. A trend line
was fitted to the data.
tion was smaller. The uncertainty is given here only in pixels, as the calibration always
varies slightly with the magnification and position of the hig -speed camera.
During the initial fast bubble growth period, the agreementof the diameter measure-
ment of the three individual bubbles is very good. After10 ms, the difference in the
diameter of the bubbles increases. The departure diameter is between0.3 mm and
0.34 mm.
Contrary to findings for liquid nitrogen, reported by Rammigand Weiss [93], the wait-
ing time between successive bubbles depends on the wall superheat. For the lowest
superheats, waiting times of up to70 ms were measured, whereas for the high super-
heat it was below1 ms, and therefore below the time resolution of the measurements.
Despite this different behaviour for the waiting time, bubble growth in FC-72 at a wall
superheat of1.3 K and in nitrogen are very similar, in that the radii are dependent on
time to the power of0.38 and0.40 respectively.
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 T = 10.1K, q'' = 13.4kW/m2
 Fit: y = 0.14x0.53
Figure 4.4: Average bubble growth of three successive bubbles with a wall superheat
of 10.1 K and an applied heat flux of 13.4kW/m2 at atmospheric pressure from an isolated
cavity (S3) with a nominal mouth diameter of 10µm and a depth of 100µm. A trend
line was fitted to the data.
In Figure 4.4 the bubble growth of three successive bubbles for a wall superheat of
10.1 K and applied heat flux of13.4 kW/m2 is presented. As for the lower superheat,
the data were fitted by a power law. The departure diameter is between0.68 mm and
0.72 mm. The fast initial growth seen for the lower wall superheat isless distinctive.
The empirical law found for a wall superheat of10.1 K, where the diameter is propor-
tional to the time to the power of0.53, is in agreement with the growth rate found in
most analytical studies.
In Figure 4.5 the growth rates for both superheats are shown normalised to allow a
comparison. Timet was normalised with the total bubble growth timetg and the aver-
age bubble diameterDb with the average departure diameterDd. For the low superheat,
the bubble growth rate becomes very small before lift-off, which may be a consequence
of the reduction in contact area. For the higher wall superheat, the bubble growth rate
decreases less, the bubble lifts off faster and departs moresuddenly. The normalisa-
tion is only for shape comparison of the bubble growth from the two different cavities,
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 T = 1.3K, q'' = 0.85kW/m2  
 T = 10.1K, q'' = 13.4kW/m2
 Fit: y = 1.06x0.37





























cavity depth: 100 m
Figure 4.5: Comparison of the bubble growth for two different wall superheats 1.3 K
and 10.1 K from the same isolated cavity (S3) with a nominal mouth diameter of 10µm
and a depth of 100µm at atmospheric pressure. Trend lines were fitted to both sets of
data.
as irregularities of the departure time caused by random disturbances during the slow
final bubble growth may distort the shape of the curves.
Bubble growth from S8 on the third generation test section was measured for applied
heat fluxes of0.46, 2.36 and4.48 kW/m2, resulting into wall superheats of1.4, 4.8 and
8.1 K at 1 bar, and are presented in Fig. 4.6. Each curve represents the average of10
successive bubbles at each wall superheat. The general behaviour of the bubble growth
from the80µm deep cavity on the third generation test section is very similar to ob-
servations of bubble growth from the100µm deep cavity on the second generation
device. The bubble growth time is decreasing with increasing wall superheat and for
higher wall superheats the bubbles departed before the growth rate could slow down
significantly. However, the bubble growth time at the low wall superheat was for the
100µm deep cavity considerably longer compared to that of the80µm deep cavity
at the lowest superheat, despite the similar departure diameter. Comparing the waiting
times for bubble growth at the lowest wall superheat from thetwo different cavities, re-
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 T = 1.4K, q'' = 0.46kW/m2 
 T = 4.8K, q'' = 2.36kW/m2
















cavity depth: 80 m




Figure 4.6: Comparison of the average bubble growth of 10 successive bubbles for
three different wall superheats 1.4 K, 4.8 K and 8.1 K from thecavity (S8) which is
80µm deep and has a nominal mouth diameter of 10µm at 1 bar. Trend lines were
fitted to all three sets of data.
veals that for the slower bubble growth it is around three times longer, which is almost
the same ratio as for the bubble growth times. Although the wall superheat and the
pressure were slightly different, it does not explain the observed discrepancy between
the two cavities. Moghaddam and Kiger [110, 111] found for bubble growth from an
artificial cavity cases with and without waiting time, despite not varying the wall su-
perheat. As discussed in section 2.2.5, differences in the evolution of heat transfer and
bubble shape during growth were reported, no explanation for the occurrence of cases
with and without waiting time was, however, given.
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Bubble growth presented in Fig. 4.3 and 4.4 was compared to common correlations
in the existing literature and plotted in Fig. 4.7 and 4.8. The correlation in Eq. 2.20
suggested by Mikicet al. [9] followed the assumption of Bǒsnjakovíc [98] that all the
energy necessary for bubble growth is supplied from the relaxation layer, a superheated
liquid layer surrounding the bubble dome. Heat is transferred f om the heated wall
to the bulk liquid through transient thermal conduction. The correlation predicts the
bubble growth for the low wall superheat very closely. For the higher superheat the
correlation fails to match the initial growth rate, despitepr dicting an equal departure
diameter.
Mikic et al. take the waiting time between succeeding bubbles into account, which is
the time needed for the superheated layer to recover after the substrate was rewetted
by cooler bulk liquid. Throughout our experiments the waiting time for high wall su-
perheats was generally shorter than the temporal resolution of the high-speed imaging
sequence, i.e.,1 ms.
The correlation of Fritz and Ende [10] discussed in Eq. 2.18 and with slightly differ-
ent parameters suggested by Forster and Zwick [7] and Plesset and Zuber [8], section
2.2.5, were compared to our experimental measurements. Thecorr lations, as in the
case of Mikicet al. [9], are based on transient thermal conduction. The latter authors
took additionally into account the forces acting on the growing bubbles, which were
determined from the impulse equations including inertia force. This leads to small
changes for the numerical constant calculated by Fritz and Ende. Forster and Zwick,
and Plesset and Zuber both over predict the bubble growth forthe low and high wall
superheat. Fritz and Ende are closer, they, however, over predict the experiment at the
higher superheat and under predict it for the lower. If the constant
√
4/π suggested
by Fritz and Ende is multiplied by1.29 to fit the experimentally measured departure
diameter, the correlation fails to follow the curve between5 and45 K. For the experi-
ment at10.1 K Fritz and Ende’s correlation was multiplied by0.73, in which case the
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Figure 4.7: Comparison of experimental bubble growth for a wall superheat of 1.3 K
at atmospheric pressure from an isolated cavity (S3) with correlations from Forster
and Zwick [7], Plesset and Zuber [8], Mikic et al. [9] and Fritz and Ende [10].
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Figure 4.8: Comparison of experimental bubble growth for a wall superheat of 10.1 K
at atmospheric pressure from an isolated cavity (S3) with correlations from Forster
and Zwick [7], Plesset and Zuber [8], Mikic et al. [9] and Fritz and Ende [10].
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Figure 4.9: Comparison of experimental bubble growth for a wall superheat of 1.4 K
at 1 bar from an isolated cavity (S8) with correlations from Forster and Zwick [7],
Plesset and Zuber [8], Mikic et al. [9] and Fritz and Ende [10].
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Figure 4.10: Comparison of experimental bubble growth for a wall superheat of 4.8 K
at 1 bar from an isolated cavity (S8) with correlations from Forster and Zwick [7],
Plesset and Zuber [8], Mikic et al. [9] and Fritz and Ende [10].
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Figure 4.11: Comparison of experimental bubble growth for a wall superheat of 8.1 K
at 1 bar from an isolated cavity (S8) with correlations from Forster and Zwick [7],
Plesset and Zuber [8], Mikic et al. [9] and Fritz and Ende [10].
In Figure 4.9, 4.10 and 4.11 the same correlations as above wer compared to the
experimental measurements presented in Fig. 4.6. The correlation of Mikic et al. is
best in predicting the bubble growth. The prediction improves with increasing wall
superheat.
For the lowest superheat, the bubble growth is enclosed by the correlation curves of
Forster and Zwick and Plesset and Zuber. Fritz and Ende’s correlation fails to predict
the bubble growth. However, for the two higher superheats Fri z and Ende’s correlation
predicts the shape almost as well as Mikicet al., whereas the other two correlations
are over predicting the experiment. If the constant in Fritzand Ende’s correlation
was multiplied by0.92, 1.05 and2.23 to fit the departure diameter, the agreement is
satisfying, Fig. C.5, C.6 and C.7 in appendix C.
The bubble growth correlation by Cooper [11], presented in Eq. 2.23 and 2.24, is
suggesting that the main heat energy for bubble growth is supplied by an evaporating
micro-layer forming below the growing bubble.
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Figure 4.12: Comparison of experimental bubble growth for a wall superheat of 1.3 K
at atmospheric pressure from an isolated cavity (S3) with correlations from Cooper
[11].
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Figure 4.13:Comparison of experimental bubble growth for a wall superheat of 10.1 K
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Figure 4.14: Comparison of experimental bubble growth for a wall superheat of 1.4 K
at 1 bar from an isolated cavity (S8) with correlations from Cooper [11].
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Figure 4.15: Comparison of experimental bubble growth for a wall superheat of 4.8 K
at 1 bar from an isolated cavity (S8) with correlations from Cooper [11].
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Figure 4.16: Comparison of experimental bubble growth for a wall superheat of 8.1 K
at 1 bar from an isolated cavity (S8) with correlations from Cooper [11].
Comparison of the obtained data presented in Fig. 4.3 and 4.4reveals that for the
lower superheat the correlations for a highly and poorly conducting wall under predict
the experimentally determined bubble growth, Fig. 4.12 and4.13. However, for the
higher wall superheat, the correlation for the poorly conducting wall is in agreement
with the experiment. This is surprising, as the silicon boiling substrate is thermally
highly conductive.
A possible impact of the substrate thickness, however, was mentioned by Cooper. In
this experiment the substrate was380µm thin. Comparing Cooper’s correlation to the
bubble growth presented in Fig. 4.14, 4.15 and 4.16, shows a similar result. For the
lower two superheats both of Cooper’s equations under predict the bubble growth. For
the highest superheat the correlation for a highly conductive wall is in good agreement
with the experiment. This is in agreement with the observation of Cooper and Lloyd
[102], that higher wall temperatures tend to promote the formation of a micro-layer
between the heated wall and the growing bubble.
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Table 4.1: Initial contact angleϕ0 and angle decrease factorfϕ used in the simulations
A, B, C, D and E.
ϕ0 fϕ HTC model
A 32◦ 0.60 CL
B 64◦ 0.60 CL
C 64◦ 0.90 CL
D 64◦ 0.97 CL
E 32◦ 0.60 ML
As mentioned earlier, experimental data collected during this study are used as input
and are the first step to validate a numerical simulation developed at Brunel University
[29, 145]. The code, based on the FORTRAN language, solves the temperature three-
dimensional space and time equation in a solid plate horizontally immersed in a liquid
at saturated conditions, so that pool nucleate boiling may occur at fixed locations,
called nucleation sites, that simulate artificial cavitieson the top surface. The code
combines the exact explicit solution of the temperature field in the solid plate with sim-
plified models for heat removal from the top surface, for bubble growth mechanisms
and for interactions between sites, including coalescence. Code flexibility includes the
use of different plate materials and fluids (i.e., differentheat transfer mechanisms) as
well as variable potential activation site distributions on the upper surface with volu-
metric heat source or heat flux applied on the back of the plate.
A brief summary of compared results from5 experimental cases at variable heat fluxes
and superheats is shown in Table B.3 in appendix B. Five different simulations (A, B,
C, D and E) have been run for each case, using for the heat transfe coefficient models
(HTC) the contact-line (CL) or micro-layer (ML) model, withvariable initial apparent
contact angleϕ0 and angle decrease fractionfϕ. The vapour bubble is supposed to
grow as a truncated sphere. The apparent contact angle is constant for the initial stage
of bubble growth, i.e., until the bubble radius reaches a fixed angle decrease fraction of
the bubble departure radius, and will then linearly decrease to zero by the ratio of bub-
ble volume and maximum bubble volume afterwards. The CL model was hypothesised
by Stephan and Hammer [146] assuming that the highest heat transfer coefficients are
reached in the micro-region due to surface tension and adhesion forces acting in this
region. The ML model was incorporated as suggested by Golobič [147].
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Figure 4.17: Bubble radii, sensor and nucleation site temperature comparison be-
tween experimental and numerical results for case 1A, 1B, 1C, 1D and 1E.
85
Single bubble growth







 Experiment data case 1
 Experiment data case 2
 Experiment data case 3
 Experiment data case 4
























Figure 4.18: Dimensionless radii comparison between experimental and numerical
results withRb/Rd andt/tg.
Table 4.1 shows the variation ofϕ0 andfϕ for the CL model (A, B, C and D). This vari-
ation influences the heat transfer coefficient of the CL model(automatically adjusted
by the code during simulations to match the experimental bubble growth times); the
values of the heat transfer coefficient are only illustrative, since they strongly depend
on the refined cell sizes of the mesh (and then indirectly on the bubble radius, initial
contact angle and angle decrease factor) but they show a decrease with increasingϕ0
andfϕ.
Figure 4.17 compares the different numerical and experimental results for case1, Table
B.3 in appendix C. The bubble radius history shows that the diff rent apparent contact
angle does not sensibly affect the bubble growth in simulations, while the final stage of
the bubble growth is severely flattened by increasingfϕ. The best matching simulations
for case1 are C for the initial stage of bubble growth and D during the second stage,
i.e., for ϕ0 = 64◦ andfϕ between0.9 and0.97. The temperatureTSEN , averaged
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Figure 4.19: Comparison of the temperature response between experiment(S8) and
simulation over a long period at sub-atmospheric pressure of 0.463 bar at an applied
heat flux of 8.6kW/m2.
temperature over an area equal to the size of the sensor (chapter 3, sections 3.2.2 and
3.2.3), shows good agreement with experimental data when the temperature is lowered
by 0.42 K in the graph, an adjustment that is lower than the measurableerror. No
sensible variations in temperatures between the differentsimulations are evident due
to the large measuring area, at least twice the size of the maximum contact area. An
additional simulation withϕ0 = 32◦ andfϕ = 0.6 but applying the ML model is also
shown in Fig. 4.17 (case1E). This case shows much larger temperature variation at the
nucleation siteTNS but a similar trend forTSEN . The simulations suggest that it will
not be possible to define the most appropriate HTC model from measurements with
the present size of sensors.
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Figure 4.18 shows a very good agreement between numerical and experimental results
for the dimensionless bubble radiusRb/Rd versus dimensionless timet/tg. The case
shown for each simulation represents the best matching simulation, i.e., C for cases2
and4, and D for cases1, 3 and5. No waiting time or horizontal coalescence have been
predicted in any of the simulated cases, contrary to experimental observations of sig-
nificant waiting time for low heat fluxes (cases3 and4). Vertical bubble coalescence
has not been simulated, since it did not occur during the considered experiments. The
effect of this phenomenon on heat transfer must be experimentally verified and imple-
mented in the future if necessary. However, results presentd i section 5 show that
this phenomenon did not affect the bubble volume at bubble departure.
Experiments at sub-atmospheric pressure have been run for the third generation test
section to obtain larger bubble departure radii and consequent larger contact areas with
possibly larger variations in the measured temperature. Analysis of the temperature re-
sponse of the sensor located at the same cavity over a long period (S8), approximately
4 s (with applied heat flux of8.6 kW/m2), is shown in Fig. 4.19. The pressure was re-
duced to0.463 bar, leading to departure radii of approximately0.45 mm and bubble
growth time of approximately10 ms. The cavity experimentally demonstrated large-
period intermittent irregularities in activity, which could be reproduced artificially in
the simulations by manually changing the activation temperature according to the ex-
perimental activity curve. Comparison with numerical results (case 1A) shows a good
agreement, although variations in the simulations are fastr and larger than in experi-
ments, possibly due to hydrodynamic effects in the liquid that are not modelled. This
still does not explain why the site becomes active or recovers slower when inactive.
However, the period with no bubble nucleation increases with all superheat and does
not show any regular behaviour.
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4.2 Bubble departure frequency and departure diame-
ter
Figure 4.20 to 4.28 show measured bubble departure frequencies for an isolated artifi-
cial cavity (S3, on the second generation test section) witha nominal mouth diameter
of 10µm and nominal depths of40, 80 and100µm for pressures of1, 1.25 and1.5 atm.
The minimum and maximum applied heat flux for each case can be found in Table B.4
in appendix B. Bubble departure frequency is the reciprocalf the sum of waiting time
and bubble growth time. Each point represents the average valu for five successive
bubbles and the error bars indicate the variation between each bubble.































cavity depth: 40 m
Figure 4.20: Bubble departure frequency as a function of wall superheat from an




































Figure 4.21: Bubble departure frequency as a function of wall superheat from an
isolated cavity (S3) with a nominal mouth diameter of 10µm and a depth of 40µm at
1.25 atm.
































Figure 4.22: Bubble departure frequency as a function of wall superheat from an




































Figure 4.23: Bubble departure frequency as a function of wall superheat from an
isolated cavity (S3) with a nominal mouth diameter of 10µm and a depth of 80µm at
1 atm.
































Figure 4.24: Bubble departure frequency as a function of wall superheat from an




































Figure 4.25: Bubble departure frequency as a function of wall superheat from an
isolated cavity (S3) with a nominal mouth diameter of 10µm and a depth of 80µm at
1.5 atm.
































Figure 4.26: Bubble departure frequency as a function of wall superheat from an




































Figure 4.27: Bubble departure frequency as a function of wall superheat from an
isolated cavity (S3) with a nominal mouth diameter of 10µm and a depth of 100µm at
1.25 atm.
































Figure 4.28: Bubble departure frequency as a function of wall superheat from an




For the40µm deep cavities, Fig. 4.20, 4.21 and 4.22, the lowest possiblewa l su-
perheat that could maintain bubble production was about1 K for all three pressures,
consistent with the theoretically determined equilibriumsuperheats in Table C.1 in ap-
pendix C and is within the experimental uncertainty of0.5 K. It was possible to mea-
sure frequencies for temperatures up to15 K for the lowest pressure and up to almost
10 K for the highest pressure before any unwanted nucleation sites were activated, i.e.,
with increasing pressure unwanted nucleation sites on the substrate appear earlier. No
strong dependence of frequency on wall superheat was found.A slight decrease in
frequency with increasing pressure is obscured by the scatter in he data.
In Figure 4.23, 4.24 and 4.25 the bubble departure frequencies for an isolated artificial
cavity (S3, on the second generation test section) with a nominal mouth diameter of
10µm and a nominal depth of80µm for the same three different pressures are pre-
sented. The frequency increases in a near-linear fashion upto wall superheats of4 to
5 K. For higher wall superheats the frequency increases only slightly with increasing
wall superheat up to the wall superheat, just before any unwanted bubble nucleation
appears. Frequencies decrease with increasing pressure and the data is generally less
scattered.
For the same three pressures but for an isolated artificial cavity (S3, on the second
generation test section) depth of100µm and mouth diameter of10µm measured fre-
quencies are presented in Fig. 4.26, 4.27 and 4.28. The frequency is initially found to
increase rapidly with increasing superheat. This dependency is less noticeable above
wall superheats between4 to 5 K and is similar to the cavity depth of80µm. As the
frequency measurements were possible up to higher superheats, the trend after4 to
5 K is clearer. The data seem to scatter less with increasing pressur and the possible
superheat without any unwanted nucleation sites on the substrate decreases, but less
distinctive as for the80µm deep cavity. The frequencies at1 and1.25 atm are initially
very similar. The decrease of the frequencies for the same sup rheats with increasing
pressure is more remarkable.
Both, the80 and100µm deep cavity, show initially a quick increase of the frequency
with increasing superheat, this is not the case for a40µm cavity, where frequencies
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for all superheats are similar. All measured frequencies for the two deeper cavities
level off after a wall superheat of4 K, however, this behaviour is more pronounced
for the100µm cavity. The standard deviation tends to be smaller for lowersuperheats
as the growth time is longer and variations of even a few milliseconds represent a
relatively small change in frequency. This is especially the case for Fig. 4.23 to 4.28.
Comparing the FC-72 frequency measurements for different cavi y depths shows that
there is less scatter for the80µm than the100µm deep cavity, whereas the shortest
cavity indicates the largest scatter. The deepest cavity reaches the highest superheats
without other nucleation sites appearing on the substrate.
In Figure 4.29 the measured bubble departure frequencies for FC-72 from the40µm,
80µm and100µm cavity at atmospheric pressure are plotted together with experimen-
tal measurements published in Siedelet al. [12]. Siedelet al. measured the bubble
frequency for n-pentane on copper at atmospheric pressure.There were two identical
artificial cavities with a spacing of660µm in between. The cavities were500µm deep
and had a mouth diameter of180µm.









 Cavity depth: 40 m
 Cavity depth: 80 m
 Cavity depth: 100 m 
 Siedel et al. (for n-pentane)






















Figure 4.29:Comparison of data from Siedel et al. [12] with the measured fquencies
of 3 different cavity depths as a function of wall superheat.
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Following the criteria from Zhang and Shoji [6], this arrangement cannot be consid-
ered as two isolated cavities for bubble departure diameters above0.22 mm. The bub-
ble departure diameters for all applied wall superheats exceed this limit. The given
values for wall superheats above6 K represent the frequency of two, prior to departure
coalesced, bubbles. The departure frequency of n-pentane incr ases linearly with in-
creasing wall superheat and is lower than for FC-72. The diffrence between the two
liquids increases for higher wall superheats.
For high wall superheats there was occasional vertical coalescence at the observed
cavity, but for the present measurements only sequences of frames without coalescence
were considered. Nucleation only occurred at the artificialcavity on the silicon surface.
However, there is unavoidable minor bubble growth at the gapbetween the silicon chip
and the device holder, which occurs at least7.5 mm for S3 and10.725 mm for S8 away
from the observed artificial nucleation site. Interferencewould only occur for bubble
departure diameters larger than2.5 mm for S3 and3.575 mm for S8. No interference
with the studied artificial site was observed at any time.
In Figures 4.30 to 4.38 bubble departure diameters for the above presented frequen-
cies are shown. The error bars indicate the standard deviation of measured departure
diameters of five successive bubbles for each wall superheat. The bubble departure
diameter increases in a near-linear fashion with increasing wall superheat. There is no
obvious influence of the cavity depth and pressure for all measured diameters. How-
ever, if the trend lines are compared with each other, small differences are revealed,
Fig. C.11 to C.16 in appendix C. Only the regions of wall superheat where all curves
have data points are discussed. In Figure C.11, C.12 and C.13departure diameters for
40, 80 and100µm are compared for pressures at1, 1.25 and1.5 atm. For low wall
superheats the bubble diameter is largest for the80µm deep cavity, smallest for the
40µm deep one and in the middle for100µm. This is the case for all three pressures.
































Figure 4.30: Bubble departure diameter as a function of wall superheat from an iso-
lated cavity (S3) with a nominal mouth diameter of 10µm and a depth of 40µm at
1 atm.




























Figure 4.31: Bubble departure diameter as a function of wall superheat from an iso-
































Figure 4.32: Bubble departure diameter as a function of wall superheat from an iso-
lated cavity (S3) with a nominal mouth diameter of 10µm and a depth of 40µm at
1.5 atm.




























Figure 4.33: Bubble departure diameter as a function of wall superheat from an iso-
































Figure 4.34: Bubble departure diameter as a function of wall superheat from an iso-
lated cavity (S3) with a nominal mouth diameter of 10µm and a depth of 80µm at
1.25 atm.




























Figure 4.35: Bubble departure diameter as a function of wall superheat from an iso-
































Figure 4.36: Bubble departure diameter as a function of wall superheat from an iso-
lated cavity (S3) with a nominal mouth diameter of 10µm and a depth of 100µm at
1 atm.




























Figure 4.37: Bubble departure diameter as a function of wall superheat from an iso-
































Figure 4.38: Bubble departure diameter as a function of wall superheat from an iso-
lated cavity (S3) with a nominal mouth diameter of 10µm and a depth of 100µm at
1.5 atm.
The influence of pressure on the bubble departure diameters,pre ented in Fig. C.14,
C.15 and C.16, is small as the trend lines lie very close. However, the differences are
slightly increasing with increasing cavity depth. For the two deeper cavities the lowest
pressure setting tends to produce the largest departing bubbles. The above compari-
son has to be treated with care, as the trend lines were fitted to rather scattered data.
Here only a few important points were discussed, for a more detailed description see
appendix C.
Many correlations for the bubble departure diameter exist in the literature. They cover
the effect of a wide range of parameters, such as liquid and vapour properties, wall
superheat, applied heat flux and thermal properties of the boiling substrate. Only a few
of them were chosen to compare them to the bubble departure diameter with increasing
wall superheat for the three different cavity depths, measured at1 atm.
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Correlations from Kutateladze and Gogonin [13], Jenson andMemmel [14], Cole [15]
and Gorenfloet al. [16] are plotted for the experimental conditions in Fig. 4.39, 4.40,
4.41 and were already discussed in section 2.2.5.
The correlations of Kutateladze and Gogonin and Jenson and Memmel under predict
the experimental data. The trend of the data was different and not captured by the
models. Cole’s correlation is the only correlation which predicts no bubble growth for
wall superheats of zero. In contrast to the previous two models, Cole’s is of a stronger
function of the Jakob number. Although the correlation fails to predict the correct
departure diameter, it comes closest to representing the trend or shape of the curves
for all three cavity depths, especially for the higher wall superheat reached with the
deepest cavity. The departure diameters calculated with the Gorenfloet al. model are
too small and follow the trend of curve only up to6 to 8 K. For higher superheats the
slope increases more sharply than the experimental data.
In addition to the predictions for the bubble diameter during bubble growth and the
bubble departure diameter, many researchers are interested in the relation between bub-
ble departure diameter and bubble release or departure frequency. Mikic and Rohsenow
[17] suggested a correlation forf 1/2 · Dd, which includes the bubble growth time and
the waiting time. In Figure 4.42, 4.43 and 4.44 the experimental results are compared
to this correlation. Only the origin of the curve is in agreement, as with increasing
wall superheat the correlation is over predicting the experim ntal data strongly for all
cavity depths. Jakob and Fritz [18], and Zuberet al. [19] suggested a constant product
f · Dd with increasing wall superheat. The product calculated from the experimental
data is not constant and increases with wall superheat in a near-li ar fashion. Both
correlations over predict even the largest value of the product of departure diameter and
frequency determined from experiments. For Jakob and Fritzthis is not surprising as
the empirical correlation was given for experiments conducted in water and hydrogen.
The two constants are compared to experiments in Fig. C.8, C.9 and C.10 in appendix
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Figure 4.39: Comparison of the measured bubble departure diameter from an isolated
cavity (S3) with a nominal depth of 40µm at 1 atm with correlations from Kutateladze
and Gogonin [13], Jenson and Memmel [14], Cole [15] and Gorenflo et al. [16]
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Figure 4.40: Comparison of the measured bubble departure diameter from an isolated
cavity (S3) with a nominal depth of 80µm at 1 atm with correlations from Kutateladze
and Gogonin [13], Jenson and Memmel [14], Cole [15] and Gorenflo et al. [16]
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Figure 4.41: Comparison of the measured bubble departure diameter from an isolated
cavity (S3) with a nominal depth of 100µm at 1 atm with correlations from Kutateladze
and Gogonin [13], Jenson and Memmel [14], Cole [15] and Gorenflo et al. [16]
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Figure 4.42: Comparison of the productf 1/2 · Dd from an isolated cavity (S3) with a
nominal depth of 40µm at 1 atm with a correlation from Mikic and Rohsenow [17].
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Figure 4.43: Comparison of the productf 1/2 · Dd from an isolated cavity (S3) with a
nominal depth of 80µm at 1 atm with a correlation from Mikic and Rohsenow [17].
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Figure 4.44: Comparison of the productf 1/2 · Dd from an isolated cavity (S3) with a
nominal depth of 100µm at 1 atm with a correlation from Mikic and Rohsenow [17].
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4.3 The waiting time
The ratio between waiting time and total growth period of bubbles, for which the fre-
quency and the departure diameters were discussed above, are presented in Fig. 4.45








wheretw is the waiting time andttot the sum of the bubble growth timetg and the
waiting timetw. The values oftw as a function of wall superheat for40, 80 and100µm
deep cavities and for pressures of1, 1.25 and1.5 atm can be found in Fig. C.17 to
C.25 in appendix C. Close to equilibrium superheat, the ratio of waiting time and
total growth period can be very high occasionally, up to45 % at 1 atm for the80µm
deep cavity,56 % at 1 atm and62 % at 1.5 atm for the100µm deep cavity. The ratio
decreases rapidly at higher wall superheats, becoming a very small fraction of the
total bubble growth period when the superheat is2 to 4 times the equilibrium value.
There are occasional examples of longer waiting times. The large waiting time may be
associated with penetration of the residual liquid-vapourinterface into the cylindrical
cavity but the effect of cavity depth in the range of40 to 100µm is inconclusive.
The greatly reduced waiting times at measured time-averaged wall superheats, that are
much higher than the calculated equilibrium superheats, may depend on the rate of
recovery of the local superheat during bubble detachment, as discussed in Sannaet al.
[145], which may reverse the collapse of the residual vapournucleus before it enters
the cavity.
Local temperature variations in time and local space could neither be detected by the
sensors on the back of the second generation test section, nor the sensors located on the
boiling surface surrounding the artificial cavities for theird generation test section.
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Figure 4.45: Ratio of waiting time and total growth period as a function ofwall su-
perheat for bubble growth from an isolated cavity (S3) with anominal mouth diameter
of 10µm and a depth of 40µm at 1 atm.



































Figure 4.46: Ratio of waiting time and total growth period as a function ofwall su-
perheat for bubble growth from an isolated cavity (S3) with anominal mouth diameter
of 10µm and a depth of 40µm at 1.25 atm.
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Figure 4.47: Ratio of waiting time and total growth period as a function ofwall su-
perheat for bubble growth from an isolated cavity (S3) with anominal mouth diameter
of 10µm and a depth of 40µm at 1.5 atm.



































Figure 4.48: Ratio of waiting time and total growth period as a function ofwall su-
perheat for bubble growth from an isolated cavity (S3) with anominal mouth diameter
of 10µm and a depth of 80µm at 1 atm.
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Figure 4.49: Ratio of waiting time and total growth period as a function ofwall su-
perheat for bubble growth from an isolated cavity (S3) with anominal mouth diameter
of 10µm and a depth of 80µm at 1.25 atm.



































Figure 4.50: Ratio of waiting time and total growth period as a function ofwall su-
perheat for bubble growth from an isolated cavity (S3) with anominal mouth diameter
of 10µm and a depth of 80µm at 1.5 atm.
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Figure 4.51: Ratio of waiting time and total growth period as a function ofwall su-
perheat for bubble growth from an isolated cavity (S3) with anominal mouth diameter
of 10µm and a depth of 100µm at 1 atm.



































Figure 4.52: Ratio of waiting time and total growth period as a function ofwall su-
perheat for bubble growth from an isolated cavity (S3) with anominal mouth diameter
of 10µm and a depth of 100µm at 1.25 atm.
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Figure 4.53: Ratio of waiting time and total growth period as a function ofwall su-
perheat for bubble growth from an isolated cavity (S3) with anominal mouth diameter
of 10µm and a depth of 100µm at 1.5 atm.
4.4 Heat removal by vapour generation
The transport of heat by enthalpy of evaporation is estimated from the product of the
measured bubble frequency and the volume of a sphere, the later c lculated from the
bubble departure diameter. This is then expressed as an evaporative heat flux (based







wheref is the measured bubble departure frequency andDd the measured departure
diameter. The saturated vapour densityρg and the latent heat of vaporisationhlg can
be found in Table 3.1 and 3.2 in chapter 3. The input heat flux and the evaporative heat
flux increase linearly with increasing wall superheat over aconsiderable range, with
111
Single bubble growth
N = 2, Fig. 4.54 to 4.62. The fitting line on all plots has a slope of1.4 kW/m2K. For
the 100µm deep cavity the evaporative heat flux tends to drop below the add d line
for wall superheats above10 K. This might be the case only for the deepest cavity, be-
cause considerably higher wall superheats were reached before the appearance of any
unwanted nucleations. Evaporation may not occur entirely at the triple contact line or
micro-layer below a bubble. Some of the wall heat flux may be transferred to a layer
of superheated liquid by bubble-induced convection and then o the dome of the bub-
ble. Simulation studies for these conditions by Sannaet l. [145] and experiments by
Demiray and Kim [66] have suggested that this heat transfer mechanism is a significant
fraction of the total heat flow to a growing bubble. Recent studies from Moghaddam
and Kiger [110, 111] show that the contribution of differentheat transfer mechanisms
is changing with increasing wall superheat and that the occurrence or non-occurrence
of waiting time has an important influence as well. In case of no waiting time and a
surface temperature range of80 to 97 ◦C (∆T = 24 to 41 K) for an surface area equal
to the projected bubble area, the contributions were:28.8 to 16.3 % for micro-layer,
45.4 to 32.1 % for transient conduction and25.8 to 51.6 % for micro-convection. For
a case with waiting time at low surface temperature the contribution was distributed
as following: 26.5 % for micro-layer,32 % for transient conduction and41.4 % for
micro-convection. However, comparison with this work is difficult as Moghaddam
and Kiger’s low surface temperature is the upper limit of wall superheat for the here
presented experiments. Estimations of the heat transfer coefficient for natural con-
vection or laminar forced convection for the measured temperatures undervalue the
heat transfer coefficient calculated from experiments. Other mechanisms or convective
flows introduced by the auxiliary heating to keep the boilingquid at saturated condi-
tions may be the reason for this discrepancy. This does not, however, affect the main
conclusions derived from the presented work.
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Figure 4.54: Evaporative heat fluẋq′′e and input heat fluẋq
′′ with factorN = 2 as
functions of wall superheat from an isolated cavity (S3) with a nominal mouth diameter
of 10µm and a depth of 40µm at 1 atm.





























Figure 4.55: Evaporative heat fluẋq′′e and input heat fluẋq
′′ with factorN = 2 as
functions of wall superheat from an isolated cavity (S3) with a nominal mouth diameter
of 10µm and a depth of 40µm at 1.25 atm.
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Figure 4.56: Evaporative heat fluẋq′′e and input heat fluẋq
′′ with factorN = 2 as
functions of wall superheat from an isolated cavity (S3) with a nominal mouth diameter
of 10µm and a depth of 40µm at 1.5 atm.





























Figure 4.57: Evaporative heat fluẋq′′e and input heat fluẋq
′′ with factorN = 2 as
functions of wall superheat from an isolated cavity (S3) with a nominal mouth diameter
of 10µm and a depth of 80µm at 1 atm.
114
Single bubble growth





























Figure 4.58: Evaporative heat fluẋq′′e and input heat fluẋq
′′ with factorN = 2 as
functions of wall superheat from an isolated cavity (S3) with a nominal mouth diameter
of 10µm and a depth of 80µm at 1.25 atm.





























Figure 4.59: Evaporative heat fluẋq′′e and input heat fluẋq
′′ with factorN = 2 as
functions of wall superheat from an isolated cavity (S3) with a nominal mouth diameter
of 10µm and a depth of 80µm at 1.5 atm.
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Figure 4.60: Evaporative heat fluẋq′′e and input heat fluẋq
′′ with factorN = 2 as
functions of wall superheat from an isolated cavity (S3) with a nominal mouth diameter
of 10µm and a depth of 100µm at 1 atm.





























Figure 4.61: Evaporative heat fluẋq′′e and input heat fluẋq
′′ with factorN = 2 as
functions of wall superheat from an isolated cavity (S3) with a nominal mouth diameter
of 10µm and a depth of 100µm at 1.25 atm.
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Figure 4.62: Evaporative heat fluẋq′′e and input heat fluẋq
′′ with factorN = 2 as
functions of wall superheat from an isolated cavity (S3) with a nominal mouth diameter
of 10µm and a depth of 100µm at 1.5 atm.
4.5 Conclusions
Experiments were conducted from isolated artificial cylindr cal cavities (S3 and S8)
with a nominal mouth diameter of10µm and depths of40, 80 and 100µm on the
second and third generation test section. All cavities produce bubbles for a range of
wall superheats, with limits defined by the minimum superheat n eded to produce a
bubble at all and the onset of boiling from uncontrolled new nucleation sites.
Bubble growth from isolated cavities with a nominal depth of80µm at 1 bar and
100µm at atmospheric pressure for different wall superheats was measured. The bub-
ble growth rate becomes very small before lift-off for the lowest studied wall super-
heats, which may be a consequence of the reduction in contactarea. For higher wall
superheats, the bubble growth rate decreases less, the bubbl lifts off faster and departs
more suddenly. Generally the bubble growth time is decreasing with increasing wall
superheat and for higher wall superheats the bubbles departbefore the significant de-
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crease in growth rate, mentioned above, was observed. However, the bubble growth
time for the lowest wall superheat was for the100µm cavity much longer compared
to that of the80µm deep cavity, despite similar departure diameters. Comparing the
waiting times of the two experiments at low wall superheat reveals that for the slower
bubble growth it is around three times longer, which is almost the same ratio as for
the bubble growth times. Although the wall superheat and thepressure were slightly
different, this does not explain the observed discrepancy between the two cavities. The
experimental results for bubble growth were compared to comm n correlations found
in the literature. The correlation of Mikicet al. predicts the bubble growth generally
closest if results for all measured conditions are considere . For this correlation all
energy is supplied from a relaxation layer surrounding the bubble dome. However, as
different correlations occasionally predict the bubble growth better, it may be a com-
bination of several heat transfer mechanisms. The collected data is used as input for a
numerical simulation developed at Brunel University and isthe first step for its valida-
tion.
Bubble departure frequencies were measured for all cavities for different wall super-
heats and pressures. The departure frequency is slightly decreased for all cavity depths
with increasing pressure and becomes at all measurement conditions almost constant
for high wall superheats.
The departure diameter increases in a near-linear fashion with wall superheat. Com-
mon correlations generally under predict the measured departure diameters. No influ-
ence of cavity depth and pressure was observed.
Waiting times between bubbles decrease rapidly with increasing wall superheat. There
are occasional examples of longer waiting times. The large waiting time may be associ-
ated with penetration of the residual liquid-vapour interface into the cylindrical cavity
but the effect of cavity depth in the range of40 to 100µm is inconclusive. Again, there
is no visible influence of cavity depth and pressure.
The evaporative heat flux due to bubble growth was estimated from measured bubble
departure frequencies and diameters. Both the input and evaporative heat flux increase
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linearly with increasing wall superheat over a wide range. An influence area of twice
the projected bubble area indicates that evaporation may not occur entirely at the triple
contact line or micro-layer below a bubble. Some of the wall heat flux may be trans-
ferred to a layer of superheated liquid by bubble-induced convection and then to the




Vertical coalescence of succeeding bubbles is schematically shown in Fig. 5.1. Below
a single bubble (Vtop), which has still not departed from the surface, a second bubble
nucleates (Vbot) and is vertically lifting off the first bubble and pushing itaway from
the substrate. The two bubbles then merge into one (Vcoal) and will further lift off and
finally depart as one larger bubble from the boiling surface.The time scale for this
process depends on the wall superheat, as do bubble volumes,as shown in chapter 4,
section 4.1. Horizontal coalescence happens between two orm re adjacently growing
bubbles, which merge to form one large bubble. The merger of agrowing bubble from
an adjacent nucleation site with an already departed bubbleis called declining coales-
cence [6]. Zhang and Shoji [6] concluded that bubble coalescence near the heated wall
promotes growing bubbles to depart from the nucleation site. They only considered
horizontal and declining coalescence in their analysis. Indeed, vertical coalescence is
acknowledged in several publications, but is not employed in the analysis of boiling
heat transfer in all examined cases.
5.1 Bubble nucleation frequency, frequency of vertical
coalescence, bubble departure frequency and bub-
ble departure diameter
The average frequency of nucleated bubbles and vertical coalescence from an isolated
single cavity were measured analysing sequences of high-speed images taken during
bubble growth at absolute pressures of0.5, 0.75 and1 bar with increasing wall super-
heat. Figure 5.2 presents such a sequence taken during bubble growth with vertical
coalescence at0.5 bar absolute pressure and a wall superheat of7.9 K (applied heat
120
Vertical coalescence
Figure 5.1: Vertical coalescence of succeeding bubbles from an artificial nucleation
site. The bubble of the volumeVtop merges with the bubble of the volumeVbot to form a
bubble of the volumeVcoal. The time scale and the bubble volumes depend on the wall
superheat.
flux 4.8 kW/m2 with the camera set to1000 fps). Bubble nucleation occurs at0 ms and
for the first11 ms the bubble growth follows the usual behaviour of a single bubble. At
11 ms a second bubble nucleates from the same artificial cavity andcompletely merges
within 3 ms with the previously departed upper bubble. At15 ms a third bubble nu-
cleates, but does not coalesce with its predecessor during gowth. The occasionally
visible widening of the bubble base is due to reflection of thebubble on the silicon
surface.
The average nucleation frequency (BNF) with increasing wall superheat for the above
three pressures is shown in Fig. 5.3, 5.4 and 5.5. In all plotsthe isolated bubble regime
is indicated. As mentioned in section 2.2.6, bubbles in thisregime are produced inter-
mittently and do not interfere with each other. When the wallsuperheat increases, the
waiting time between the nucleation of a new bubble and the departure of the previ-
ous bubble, grown from the same site, becomes shorter. The number of nucleations per
second decreases with increasing pressure. With increasing wall superheat this number
of nucleations initially increases sharply and seems to level off, with this behaviour be-
ing more pronounced for the0.5 bar pressure case. The results for0.75 bar are rather
scattered and for1 bar the initial increase is less noticeable.
Figure 5.6, 5.7 and 5.8 present the average frequency of vertical coalescence (VCF)
for the same three pressures with increasing wall superheat. R ducing the pressure or
increasing the wall superheat increases the occurrence of coalescence.
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Figure 5.2: Bubble growth sequence including vertical coalescence fora wall super-
heat of 7.9 K (applied heat flux 4.8kW/m2) from an isolated cavity (S8) at 0.5 bar. The




The average frequency of bubble nucleation corresponds to an increase in the average
frequency of vertical coalescence, as coalescence tends toreduce the bubble growth
time. Bubbles are pulled away from the surface at much smaller siz and this increases
the number of nucleations for the same time period but increases the total growth time
of the two bubbles only by a few milliseconds.
If the frequency of vertical coalescence is subtracted fromthe average nucleation fre-
quency, the bubble departure frequency can be presented, Fig. C.26, C.27 and C.28 in
appendix C.
The ratio between the average frequency of vertical coalescence and the bubble nu-
cleation frequency (VCF/BNF) is compared in Fig. 5.9, 5.10 and 5.11. At0.5 bar
approximately45 % of the bubbles coalesce for higher wall superheats. The ratio e-
mains at this level even with increasing wall superheat. A possible explanation for this
behaviour may be the fact that vertical coalescence most commonly appears only in
pairs, i.e., only very rarely does a third or more bubbles coalesce with already verti-
cally coalesced bubbles.








































Figure 5.3: Bubble nucleation frequency as a function of wall superheatfrom an iso-












































Figure 5.4: Bubble nucleation frequency as a function of wall superheatfrom an iso-
lated cavity (S8) with a nominal mouth diameter of 10µm and a depth of 80µm at
0.75 bar.








































Figure 5.5: Bubble nucleation frequency as a function of wall superheatfrom an iso-














































Figure 5.6: Frequency of vertical coalescence as a function of wall superheat from an
isolated cavity (S8) with a nominal mouth diameter of 10µm and a depth of 80µm at
0.5 bar.










































Figure 5.7: Frequency of vertical coalescence as a function of wall superheat from an














































Figure 5.8: Frequency of vertical coalescence as a function of wall superheat from an
isolated cavity (S8) with a nominal mouth diameter of 10µm and a depth of 80µm at
1 bar.



































Figure 5.9: Ratio between frequency of vertical coalescence (VCF) and bubble nu-
cleation frequency (BNF) as a function of wall superheat from an isolated cavity (S8)
with a nominal mouth diameter of 10µm and a depth of 80µm at 0.5 bar.
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Figure 5.10: Ratio between frequency of vertical coalescence (VCF) and bubble nu-
cleation frequency (BNF) as a function of wall superheat from an isolated cavity (S8)
with a nominal mouth diameter of 10µm and a depth of 80µm at 0.75 bar.



































Figure 5.11: Ratio between frequency of vertical coalescence (VCF) and bubble nu-
cleation frequency (BNF) as a function of wall superheat from an isolated cavity (S8)
with a nominal mouth diameter of 10µm and a depth of 80µm at 1 bar.
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As the pressure increases, the ratio between vertical coalescence and nucleations de-
creases. For1 bar the maximum ratio is around20 % for high wall superheats. This
means that around three bubbles depart as single bubbles before v rtical coalescence
occurs between the two that follow. Measurements at0.75 bar tend to lie in between
the results for the lower and higher pressure.
As in subsection 4.2 and 4.4 the bubble departure diameter and the evaporative heat
flux were measured and calculated for0.5, 0.75 and1 bar. The results are presented in
Fig. C.29, C.30, C.31, C.33, C.34 and C.35 with a detailed description in appendix C.
5.2 Vapour volume analysis during vertical coalescence
The vapour volumes of ten bubble pairs immediately before and just after coalescence
were measured and are presented in Fig. 5.12, 5.13 and 5.14. The pressure was0.5 bar
with a wall superheat of7.9 K (applied heat flux4.8 kW/m2). The original images, Fig.
5.2, were processed with the software PCO Picture Viewer™.
A suitable threshold helped to identify the bubble area and Eq. 3.11 was used to cal-
culate the vapour volume. Due to the invisibility of the inters ction between the top
and bottom bubble, the shape of the bottom bubble was assumedto b spherical. Since
small single bubbles have a small Eötvös or Bond number, gravitational effects are
negligible and the shape is near-spherical.
Figure 5.12 shows that the newly nucleated bubble (bottom bubble) is always smaller
than the previously nucleated one (top bubble) just before calescence and the total
volume immediately after coalescence is larger than the sumof volumes before coa-
lescence.
Figure 5.13 presents the ratio between the volume of the bottom bubbleVbot and the top
bubbleVtop with error bars indicating the propagated systematic measur ment error.
The volume of the bottom bubble never exceeds one third of thevolume of the top
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Occurence of vertical coalescence [-]
9
 First nucleated bubble
 Bubble after coalescence
Figure 5.12: Bubble volumes immediately before coalescence (Vbot andVtop) and the
total volume just after coalescence (Vcoal) for 10 cases of vertical coalescence.





















Occurence of vertical coalescence [-]
Figure 5.13: Ratio between the volume of the newly nucleated bubble (Vbot) and the
previously nucleated bubble (Vtop) for 10 cases of vertical coalescence.
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Occurence of vertical coalescence [-]
Figure 5.14: Ratio of the total volume of the top and bottom bubble (Vbot + Vtop)
immediately before coalescence and the volume of the coalesced bubble (Vcoal) just
after coalescence.
The ratio between the sum of the volumes of the two bubblesVbot + Vtop immediately
before coalescence and the total volumeVcoal just after (maximum temporal resolution
is 1 ms) is illustrated in Fig. 5.14. After coalescence the total volume is5 to18 % larger
than before. This suggests that the process of coalescence caus s a brief increase in
heat transfer to the liquid-vapour interface. This may occur at the base of the second
bubble, or by heat transfer from a thin superheated liquid layer trapped between the
bubbles, or by rapid motion close to the line of coalescence.
However, if the evolution of the vapour volume during vertical oalescence from nu-
cleation of the first bubble to the departure of the two mergedbubbles is analysed, it is
obvious that the vapour production is not increasing or decreasing during vertical coa-
lescence. This vapour volume evolution of the previously illustrated ten cases of ver-
tical coalescence is presented in Fig. 5.15. The time at which coalescence occurs was
set as the zero point. The ten cases of occurrence of verticalcoalescence are numbered
the same way as previously. The slope of increase of vapour prduction for the two
cases with the largest final vapour volumes (9 and 10) is generally slightly increasing,
whereas for the other cases the vapour volume is increasing in a near-linear fashion.
To allow better comparison between the different cases, thevapour volume was nor-
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malised with the volume of the merged bubbles at departure, Fig. C.36 appendix C.
The comparison reveals that for smaller bubbles the vapour vol me is increasing faster
to reach the normalised departure volume.




































Figure 5.15: Vapour volume evolution from nucleation, over vertical coalescence to
the departure of the coalesced bubble for 10 cases of vertical coalescence. The time at
which coalescence occurs was set as the zero point. Vapour prduction of an isolated
cavity (S8) with a nominal mouth diameter of 10µm and a depth of 80µm at 0.5 bar




Bubble growth from an isolated artificial cavity (S8) on the tird generation test section
at the end of the isolated bubble regime and the beginning of the regime of interference,
where vertical coalescence appears, has been experimentally i vestigated. Studies of
bubble growth as a function of wall superheat and at different pressures of0.5, 0.75
and1 bar revealed the dependence of vertical coalescence on these prop rties. Bubble
growth changes from the isolated bubble regime into the regim of interference with
increasing wall superheat. The average frequency of bubblenucleation and vertical
coalescence increased with the wall superheat. Decreasingthe pressure, increases the
average frequency of vertical coalescence and therefore subseq ently the average fre-
quency of nucleated bubbles from the artificial cavity. At0.5 bar every two nucleated
bubble pairs merge into one for high wall superheats. At1 bar up to three single bub-
bles depart from the artificial cavity, before two coalesce.The equivalent volume of a
sphere was calculated for ten pairs of bubbles immediately bfore and just after they
coalesced. The second nucleating bubble is always smaller than i s departed prede-
cessor. During coalescence the vapour volume still increases, as the merged bubble
is between5 and18 % larger than the summarised volumes of the two bubbles before
coalescence. However, the measured evolution of vapour volme during vertical coa-





In this part the interaction between two nucleation sites wastudied. In a first step
the influence of spacing between two cavities on the bubble nucleation frequency, the
bubble departure frequency and the bubble departure diameter at0.5 and1 bar was in-
vestigated. As vertical coalescence is involved, the number of departed bubbles is not
the same as nucleated bubbles. The bubble departure frequency is the difference be-
tween the bubble nucleation frequency and the vertical coalescence frequency. Later,
direct horizontal bubble interaction between two cavitieswas analysed. Horizontal
coalescence was only observed for the closest spacing between t o artificial cavities.
Bubble growth from cavities S1 to S6 was observed to study thenucleation site inter-
actions, Fig. 4.1 right.
6.1 Two adjacent active artificial cavities
In Figure 6.1 to 6.18 the bubble nucleation frequency, the bubble departure frequency
and the bubble departure diameter are plotted as a function of wall superheat for a
cavity spacing of1.5, 1.2 and0.84 mm at0.5 and1 bar. The frequency of vertical coa-
lescence is presented in Fig. C.44 to C.49 in appendix C. The wall superheat represents
the average temperature during the captured time period from the sensor at the corre-
sponding cavity. The limit for the lowest wall superheat wasthe temperature to keep
the cavities active, which is in good agreement with the theoretical minimum temper-
ature for a cavity to trap vapour nuclei calculated from the Laplace-Young equation,
Eq. 2.3. The wall superheat was increased until unwanted newnucleation sites be-
came active. The interaction regions suggested by Zhang andShoji [6] were included
in the bubble departure diameter plots Fig. 6.3, 6.6, 6.9, 6.12, 6.15 and 6.18. From
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the intersection points between the limits of these regions(horizontal lines in the bub-
ble departure diameter plots) and the linear trend lines forbubble departure diameter
for each cavity, the two corresponding wall superheats for the two cavities were deter-
mined and averaged (wherever there was a discrepancy). The difference between the
two superheats for the two cavities was always below1 K. From this it was possible to
determine the interaction region limits (vertical lines) due to spacing on the bubble nu-
cleation frequency and the bubble departure frequency at corresponding temperatures,
Fig. 6.1, 6.2, 6.4, 6.5, 6.7, 6.8, 6.10, 6.11, 6.13, 6.14, 6.16 and 6.17.
The measured parameters of the neighbouring cavities behave very similarly at0.5 and
1 bar for a cavity spacing of1.5 mm, Fig. 6.1 to 6.6. As observed in previous stud-
ies, chapter 5, section 5.1, the bubble nucleation frequency initially increases rapidly,
then appears to level off, before it slightly drops for the highest wall superheats. This
behaviour is more pronounced and the small drop of frequencyo ly noted at0.5 bar,
Fig. 6.1 and 6.4. The initial rapid increase, which flattens with higher superheats,
can also be seen for the bubble departure frequency at0.5 bar, Fig. 6.2. Frequency
measurements are less scattered if vertical coalescence isnot considered. The bub-
ble departure diameter increases in a near-linear fashion with increasing superheat for
both cases, Fig. 6.3 and 6.6. The departure diameters for thesam wall superheats are
slightly larger at lower pressure but this is only apparent when the linear trend lines are
compared, as the data are rather scattered for high superheats at0.5 bar.
In Figure 6.7 to 6.12 the bubble nucleation frequency, the bubble departure frequency
and the bubble departure diameter for two cavities, spaced1.2 mm from each other,
are plotted for the same two pressures with increasing wall superheat. The two neigh-
bouring cavities, again, behave very similarly. After the sharp initial increase, the
bubble nucleation frequency at0.5 bar reaches a maximum, before it starts to decrease
for superheats above8 K, Fig. 6.7. The slight decrease for higher wall superheats is
still noticeable if the vertical coalescence is not considere , Fig. 6.8. The departure
frequency appears constant for superheats above4 K at1 bar, Fig. 6.11.
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S/Dd  3 2  S/Dd 3 1.5  S/Dd 2 S/Dd 1.5
Figure 6.1: Bubble nucleation frequency as a function of wall superheatwith a spacing
of 1.5 mm between the two cavities S5 and S6 at 0.5 bar.




























S/Dd  3 2  S/Dd 3 1.5  S/Dd 2 S/Dd 1.5
Figure 6.2: Bubble departure frequency as a function of wall superheat with a spacing
of 1.5 mm between the two cavities S5 and S6 at 0.5 bar.
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1.5  S/Dd 2
2  S/Dd 3
S/Dd  3
Figure 6.3: Bubble departure diameter as a function of wall superheat with a spacing
of 1.5 mm between the two cavities S5 and S6 at 0.5 bar.



































S/Dd  3 2  S/Dd 3 1.5  S/Dd 2
Figure 6.4: Bubble nucleation frequency as a function of wall superheatwith a spacing
of 1.5 mm between the two cavities S5 and S6 at 1 bar.
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1.5  S/Dd 22  S/Dd 3
S/Dd  3 
Figure 6.5: Bubble departure frequency as a function of wall superheat with a spacing
of 1.5 mm between the two cavities S5 and S6 at 1 bar.

































1.5  S/Dd 2
2  S/Dd 3
S/Dd  3
Figure 6.6: Bubble departure diameter as a function of wall superheat with a spacing
of 1.5 mm between the two cavities S5 and S6 at 1 bar.
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1.5  S/Dd 2
2  S/Dd 3
S/Dd  3 
Figure 6.7: Bubble nucleation frequency as a function of wall superheatwith a spacing
of 1.2 mm between the two cavities S3 and S4 at 0.5 bar.




























2  S/Dd 3S/Dd  3 1.5  S/Dd 2 S/Dd 1.5
Figure 6.8: Bubble departure frequency as a function of wall superheat with a spacing
of 1.2 mm between the two cavities S3 and S4 at 0.5 bar.
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1.5  S/Dd 2
2  S/Dd 3
S/Dd  3 
Figure 6.9: Bubble departure diameter as a function of wall superheat with a spacing
of 1.2 mm between the two cavities S3 and S4 at 0.5 bar.




































Figure 6.10: Bubble nucleation frequency as a function of wall superheatwith a spac-
ing of 1.2 mm between the two cavities S3 and S4 at 1 bar.
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S/Dd  3 2  S/Dd 3 1.5  S/Dd 2
Figure 6.11: Bubble departure frequency as a function of wall superheat with a spac-
ing of 1.2 mm between the two cavities S3 and S4 at 1 bar.
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1.5  S/Dd 2
Figure 6.12:Bubble departure diameter as a function of wall superheat with a spacing
of 1.2 mm between the two cavities S3 and S4 at 1 bar.
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2  S/Dd 3 1.5  S/Dd 2 S/Dd 1.5
Figure 6.13: Bubble nucleation frequency as a function of wall superheatwith a spac-
ing of 0.84 mm between the two cavities S1 and S2 at 0.5 bar.




























2  S/Dd 3 1.5  S/Dd 2 S/Dd 1.5
Figure 6.14: Bubble departure frequency as a function of wall superheat with a spac-
ing of 0.84 mm between the two cavities S1 and S2 at 0.5 bar.
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1.5  S/Dd 2
2  S/Dd 3
Figure 6.15:Bubble departure diameter as a function of wall superheat with a spacing
of 0.84 mm between the two cavities S1 and S2 at 0.5 bar.




































1.5  S/Dd 2 S/Dd 1.52  S/Dd 3
Figure 6.16: Bubble nucleation frequency as a function of wall superheatwith a spac-
ing of 0.84 mm between the two cavities S1 and S2 at 1 bar.
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S/Dd  3 
2  S/Dd 3 1.5  S/Dd 2 S/Dd 1.5
Figure 6.17: Bubble departure frequency as a function of wall superheat with a spac-
ing of 0.84 mm between the two cavities S1 and S2 at 1 bar.

































1.5  S/Dd 2
2  S/Dd 3
Figure 6.18:Bubble departure diameter as a function of wall superheat with a spacing
of 0.84 mm between the two cavities S1 and S2 at 1 bar.
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The departure diameter increases for both pressures in a near-li r fashion and reaches
slightly higher departure diameters for the same superheatat 0.5 bar, only visible,
however, if the trend lines are compared, Fig. C.50 and C.51.
In Figure 6.13 to 6.18 the same parameters are presented for two neighbouring cavities
with a spacing of0.84 mm for 0.5 and1 bar. The bubble nucleation frequency seems
to drop above9 K, however, if the vertical coalescence is not considered, the frequency
appears to be almost constant above4 K wall superheat at0.5 bar, Fig. 6.13 and 6.16.
Figure 6.16 and 6.17 are very similar to Fig. 6.10 and 6.11 andno influence of the
spacing is apparent. The departure diameters increase in a near-li ear fashion for both
pressures, Fig. 6.15 and 6.18; unlike Fig. 6.3, 6.6, 6.9 and 6.12 for larger spacing,
where no significant difference in size is detectable.
Experimental bubble frequencies measured by Zhang and Shoji [6] were strongly in-
fluenced by the variation ofS/Dd at their applied heat fluxes. The heat fluxes ap-
plied in this study are typically one order of magnitude smaller as compared to that of
Zhang and Shoji, but the latent heat of vaporisation at the normal boiling temperature
is around24 times smaller for FC-72 as compared to that of water. ForS/Dd equal
to 0.5 the frequency was about three times higher than for1.5 and around1.75 times
higher than at2.5 for the highest applied heat flux of37.2 kW/m2. The measured nucle-
ation and departure frequency seem not to be influenced by decreasing spacing, or any
interactions for the applied heat flux are minor and hidden inthe rather scattered data.
For the departure diameter there is a small increase for the two widest spacings be-
tween two cavities. For cavity spacings of0.84 and1.2 mm the difference in departure
diameter is very small and can be treated as insignificant. The difference between the
two shorter spaced cases and the widest spacing is increasing with wall superheat and
ranges from0.05 to 0.24 mm for 0.5 bar and from0.07 to 0.16 mm for 1 bar. These
differences are very small and are only valid for the comparison of the linear trend
lines of the departure diameter measurement with increasing wall superheat for each




In this chapter the occurrence of horizontal coalescence was investigated. Horizontal
coalescence took place only for the two closest spaced cavities S1 and S2 at0.5 bar.
In Figure 6.19 the frequency of horizontal coalescence is pre ented as a function of
increasing wall superheat. Bubbles growing from S1 and S2 only merged above a wall
temperature superheat of8 K and the frequency of horizontal coalescence increases
with further increasing superheat. At the highest measuredsuperheat the frequency
reached its maximum slightly above60 Hz. Zhang and Shoji [6] reported horizontal
coalescence forS/Dd smaller than1.5. Measured frequencies forS/Dd equal to1 are
higher than frequencies at12 K, the corresponding temperature forS/Dd equal to1.1
for these experiments.



























Horizontal coalescence between S1 and S2
pressure: 0.5bar
cavity spacing: 0.84mm
2  S/Dd 3 1.5  S/Dd 2 S/Dd 1.5
Figure 6.19: Frequency of horizontal coalescence as a function of increasing wall
superheat with a spacing of 0.84 mm between the two cavities S1 and S2 at 0.5 bar.
Regions of influence, following Zhang and Shoji [6], are indicated.
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However, Zhang and Shoji do not report what wall superheats were reached nor distin-
guish between horizontal and declining coalescence, and the la ter was not considered
here.
6.3 Conclusions
Experimentally measured bubble nucleation frequency, departure frequency, frequency
of horizontal coalescence and bubble departure diameter ofbubble growth from pairs
of artificial cavities with three different values of spacing were measured with increas-
ing wall superheat at pressures of0.5 and1 bar. Interaction between neighbouring
cavities was investigated by considering the behaviour of bubble growth. Bubble nu-
cleation frequency, departure frequency and bubble departure diameter were very sim-
ilar for the pairs of artificial cavities. The lower pressureshifted slightly the regions
of influence suggested by Zhang and Shoji [6] to lower superheat, due to the small
increase in departure diameter at0.5 bar. The strong ”inhibitive” and ”promotive” re-
gions for the departure frequency with decreasing spacing between cavities have not
been observed in the present study. An increase in departurediameter with increasing
spacing was observed. This increase was more significant forthe widest spacing of
1.5 mm. However, to compare the above results with those of Zhang and Shoji is dif-
ficult because they applied different heat fluxes. Further thy used a different boiling
liquid than that employed in the present study, which can affect the region of influence
boundaries. Horizontal coalescence of bubbles from neighbouring cavities was only




In this study the design, construction and commissioning ofa pool boiling experimen-
tal setup and subsequently conducted pool boiling experiments in fluorinert FC-72 are
presented. The setup consists of a temperature and pressurecont olled boiling cham-
ber, a condenser with adjustable performance and a DAQ system for liquid and vapour
temperatures and micro-sensor signals. It also includes controllable power sources
for the support heating system and the integrated sensors and heater in the boiling
substrate. Optical observations were accomplished with a high-speed camera synchro-
nised with the DAQ system and an adequate backlight. The experimental setup was
constructed to allow a rapid alternation between differently designed silicon boiling
substrates with varied artificial cavity and temperature sensor dimensions and loca-
tions.
For this investigation three different versions of boilingsubstrates with appropriate jigs
were designed and implemented. The first was used to test the boiling chamber and
condenser, the temperature control system and the DAQ. Preliminary experiments were
conducted on this first test section. On the second design sinle bubble growth, bubble
departure frequency and the influence of increasing pressurand cavity depth was
investigated. The third generation test section was used tostudy vertical coalescence
during single bubble growth and simultaneous bubble growthfrom differently spaced
pairs of artificial cavities.
Bubble growth from isolated cavities with a nominal depth of80µm at 1 bar and
100µm at atmospheric pressure for different wall superheats was measured. The bub-
ble growth rate becomes very small before lift-off for the lowest studied wall super-
heat, which may be a consequence of the reduction in contact area. For higher wall
superheats, the bubble growth rate decreases less, the bubbl lifts off faster and departs
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more suddenly. Generally, bubble growth time is found to decrease with increasing
wall superheat and for higher wall superheats the bubbles departed before a significant
decrease in growth rate was observed. The collected data is used as input for a numeri-
cal code developed at Brunel University and is a first step to validate the code. Bubble
growth was compared to common correlations found in the literature. The correlation
of Mikic et al. is found to be the closest in predicting the bubble growth overall, if re-
sults for all measured conditions are considered. Occasionl close predictions of other
correlations leave the contribution of distinctive mechanisms inconclusive.
In experiments with the second generation test section, bubble departure frequencies
were measured for different cavity depths and pressures as afunction of wall super-
heat. The departure frequency slightly decreases for all cavity depths with increasing
pressure and becomes almost constant for high wall superheats at ll measured con-
ditions. The corresponding departure diameter increases in a near-linear fashion with
wall superheat and no influence of cavity depth and pressure was observed. Common
correlations generally under predict the measured departure diameters.
Waiting times between bubbles decrease rapidly with increasing wall superheat and
again, there is no visible influence of cavity depth and pressure.
The evaporative heat flux due to bubble growth was estimated from measured bubble
departure frequencies and diameters. Both the input and evaporative heat flux increase
linearly with increasing wall superheat over a wide range.
In experiments from an isolated cavity on the third generation est section the phe-
nomenon of vertical coalescence was visualised and quantified using high-speed imag-
ing. The average frequency of bubble nucleation and vertical co lescence increased
with wall superheat and decreasing pressure. The evolutionof the vapour volume
during vertical coalescence from nucleation of the first bubble to the departure of the
merged bubbles was analysed. The results indicate that the vapour production is nearly
constant during vertical coalescence.
To investigate potential interactions between differently spaced nucleation sites, bubble
nucleation frequencies, departure frequencies, frequencies of horizontal coalescence
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and bubble departure diameters during bubble growth from pairs of artificial cavities
with increasing wall superheat at0.5 and1 bar were experimentally measured. All
measured parameters, however, were very similar for the pairs of artificial cavities.
Only an increase in departure diameter with increasing spacing was observed. This
increase was most significant for the widest spacing of1.5 mm. Horizontal coalescence
of bubbles from neighbouring cavities was only observed forthe closest spacing at




The present study can be further developed into two possibled rections. To provide
input and validation data for a numerical code, under development parallel to this in-
vestigation at Brunel University, a new silicon boiling subtrate design is required.
The objective of this simulation is to study nucleation sites on various boiling sub-
strate materials as interacting network and finally, working as a design tool of boiling
substrates for the implementation in pool boiling cooling applications. Therefore, em-
pirical input of large numbers of active and stable nucleation sites on a substrate are
essential. For a configuration containing hundreds or more artificial cavities, specific
optical observations are impossible. That is why the sensitivity of temperature sen-
sors has to be improved or FC-72 replaced with another boiling liquid, exhibiting a
higher heat of vaporisation or reaching larger bubble departure diameters and hence
leading to larger local temperature variations during bubble growth. Dielectric liquids
meeting this specifications are very expensive, on the otherhand are changes to the
experimental setup time consuming and would come with majorexpenses.
Another requirement for the improvement of the numerical code is to control the ac-
tivation of single nucleation sites individually. This feature was added to the boiling
substrate by integrating small resistance heaters below each artificial cavity. Possible
problems are the complexity of the control system, regulating each heater individually
and the electrical insulation between temperature sensorsand micro-heaters to prevent
interference and signal noise. To handle this large amount of wiring, it is suggested
to use gold wire bonding, which ensures a proper connection between test section and
instrumentation.
Further fundamental investigations concerning, bubble nucleation, interactions for sin-
gle or multiple nucleations sites, is another direction this project may take. Sensors of
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the kind developed by Moghaddamet al. [140] are required, though. The large number
of small sensors entangling a single artificial cavity, gives a high spatial and temporal
resolution of the temperature field and a deep insight of involved mechanisms. An elab-
orate distribution of such sensors between two or more artificial cavities could reveal
thermal interactions between closely spaced nucleation sites during bubble growth.
Again, adding micro-heaters below each cavity would allow us to control the moment
of activation.
To increase the visualisation of single bubbles and bubble interactions, such as coales-
cence, a sophisticated arrangement of mirrors is a potential solution. Positioning mir-
rors behind an artificial cavity with a certain angle, allowsus to record simultaneously
different sides of one or more bubbles. Similar techniques ar already extensively used
in combustion research. Special image processing softwarecor cts the distortion due
to the angle between mirror and camera and reproduces a clearimage of the bubble.
For the current experimental setup the purchase of a better performing long-distance
lens would be inevitable.
It is important to prevent or reduce liquid motion induced bynatural convection due
to the heating system, keeping the boiling liquid saturated. A small transparent fence
around the artificial cavities is a possible solution. The distance between cavities and
fence has to be considered carefully, as it needs to be wide enough to exclude any
thermal or direct hydrodynamic interaction.
A certainly challenging, but most interesting idea is the implementation of the particle
image velocimetry (PIV) technique to visualise the flow fieldaround a growing bubble,
[148, 149]. Especially obtaining a better insight and understanding of hydrodynamic
interactions between two or more simultaneously growing bubbles would be rather ex-
citing. A drawback is the addition of particles to the boiling liquid. This will have an
impact on heat transfer and nucleation mechanisms, however, simultaneous measure-

























Figure A.1: Flow and control diagram of the pool boiling experiment.
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Figure A.2: Technical drawings of the boiling chamber’s stainless steel body.
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Figure A.3: Technical drawings of the condenser’s stainless steel body.
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Figure A.4: Technical drawings of the boiling chamber’s top and bottom stainless
steel lid.
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Figure A.5: Technical drawings of the stainless steel window flanges of the boiling
chamber and the top and bottom lid of the condenser.
156

























Figure A.6: Technical drawing of the silicon device of the second generation with
micro-sensors and heater pads.
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Figure A.7: Technical drawing of the silicon device of the third generation with micro-
sensors and heater pads.
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Figure A.8: Technical drawing of the jig, holding the silicon device of the first gener-
ation in place.
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Figure A.9: Technical drawing of the jig, holding the silicon device of the second
generation in place.
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Figure A.10: Technical drawing of the jig, holding the silicon device of the third
generation in place.
161
Additional information experimental setup
Figure A.11: Top: LabVIEW user interface for DAQ for the second generation est
section. Bottom: LabVIEW visual programming for the secondgeneration test section.
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Figure A.12: Top: LabVIEW user interface for DAQ for the third generationtest
section. Bottom: LabVIEW visual programming for the third generation test section.
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Figure A.13: Drawing of the circuit of the self-made current source.
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Figure A.14: Drawing of the circuit of the self-made trigger to synchronise the high-
speed imaging with the DAQ.
Figure A.15: Surface roughness measurement results in 3D for the silicondevice of
the third generation.
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Figure A.16: Three steps of image processing to identify the vapour volumes during
vertical coalescence. Left: Original image during bubble growth with vertical coa-
lescence. Middle: Processed picture with the assumed shapeof the bottom bubble
indicated. Right: Area measured with PCO Picture Viewer software. From this area
the volume of revolution is calculated.
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Table B.1: Values ofCs,f andn for various surface/liquid combinations ([21–23]).




Water / stainless steel
chemically etched 0.0130 1.0
mechanically polished 0.0130 1.0
ground and polished 0.0130 1.0
Water / brass 0.0060 1.0
Water / nickel 0.0060 1.0




Benzene / chromium 0.0101 1.7
Ethyl alcohol / chromium 0.0027 1.7
Table B.2: Thermal properties of nickel, silicon and titanium at 20◦C.
nickel silicon titanium
Density ρ [kg/m3] 8.906 2.33 4.54
Specific heat capacity cp [kJ/kg K] 0.4459 705.5 523
Thermal conductivity k [W/m K] 90 153 22
Thermal diffusivity α ·105 [m2/s] 2.266 9.31 0.93
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Table B.3: Summary of the cases calculated with the numerical code.
Case Rd tg ∆Tw fenh q̇′′ Test
[mm] [ms] [K] [-] [ kW/m2] section
1 0.33 21 8.1 1.16 4.48 2
2 0.24 23 4.8 1.14 2.36 2
3 0.19 27 1.4 0.98 0.46 2
4 0.16 59 1.3 1.97 0.85 3
5 0.35 24 10.1 2.66 13.4 3
Table B.4: Applied heat fluxes for experiments at 1, 1.25 and 1.5 atm and nominal
cavity depths of 40, 80 and 100µm and a diameter of 10µm.
1 atm 1.25 atm 1.5 atm
40µm 1.35 − 18.20 kW/m2 1.33 − 13.33 kW/m2 1.36 − 12.50 kW/m2
80µm 0.69 − 28.93 kW/m2 0.66 − 23.96 kW/m2 0.66 − 16.63 kW/m2
100µm 0.85 − 36.00 kW/m2 0.83 − 32.00 kW/m2 0.67 − 28.75 kW/m2
Table B.5: Applied heat fluxes of experiments at 0.5, 0.75 and 1 bar and a nominal
cavity depth of 80µm and mouth diameter of 10µm.
Pressure Applied heat flux
0.5 bar 0.81 − 7.28 kW/m2
0.75 bar 0.51 − 7.29 kW/m2





In this short section preliminary results mainly from experiments conducted with the
test section of the first generation are presented. Experiments with saturated gas-
dissolved FC-72 at atmospheric pressure were conducted andbubble nucleation, growth
and detachment were observed. The investigations focused on a single nucleation site.
Fig. C.1 shows a sequence of images of two successive growingbubbles from the
nucleation of the first to just before the detachment of the second one. The measured
pressure was1.01 bar and temperature56.9 (±1.1) ◦C, respectively. The power input
from the background heater was23.7 W (11.7 kW/m2). Because the nucleation process
is very rapid, on the second image only a shadow appears and1 ms later a bubble has
already grown to a small sphere. The second flat bubble just below the round one is
the reflection on the polished silicon surface and their intersection marks the contact
line between bubble and silicon surface. The first growing bubble detaches after18 ms
and the succeeding bubble grows directly out of the remaining vapour on the surface.
18 ms later the second bubble is about to depart. During the growthf t e first and the
succeeding bubble the normalised diameter of the bubblesD′b was estimated as follows
D′b = Db/Dd (C.1)
whereDb is the bubble diameter measured at the bubble equator from the 2D high
speed image sequence andDd the bubble departure diameter, Fig. C.1.
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Figure C.1: High-speed imaging sequence of bubble growth from the silicon device of
the first generation in gas-dissolved saturated FC-72 at atmospheric pressure. Images
were acquired at 1000 fps.
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applied heat flux: 11.7kW/m2
cavity depth: ~ 22 m




















 y = 0.23x0.5
 y = 0.24x0.5
Figure C.2: Bubble growth of successive bubbles at an applied heat flux of11.7kW/m2
at 1.01 bar from an isolated cavity (S3) with a nominal mouth diameter of 2µm and
depth of around 22µm. The data is compared to a correlation given by Mikic et al.
[9], Eq. C.3.
The error of the measurements was±2 pixels for the images2 to 4 ms and20 to 22 ms,
and±1 pixel for the remaining images, respectively. In Fig. C.2 the ime dependence
of the normalised bubble diameter of successive bubbles from the same nucleation site
is shown. Mikicet al. [9] obtained a general bubble growth relation for two regions.
Db ∝ 2A for t+ << 1 (C.2)

























whereb is 2/3 for bubble growth in an infinite mass of liquid and7/π for a sperical
bubble growing attached to a surface. Fort+ << 1 the Rayleigh solution (Eq. C.2)
applies (Rayleigh [150]) and fort+ >> 1 the Plesset and Zwick relation (Eq. C.3)
(Plesset and Zwick, [8]).
Initially the bubble growth rate is higher and decreases after 11 ms. The break in gra-
dient at11 ms corresponds approximately to the maximum apparent contactradius, so
there may be a change in heat transfer mechanism as the contact li e recedes and the
bubble starts to lift off. For FC-72t+ >> 1 is true for1 ms, the temporal resolution.
The correlation of Plesset and Zwick only predicts the second bubble quite well, Eq.
C.3, if the correlation is fitted to the experimentally measured bubble departure diam-
eter. Comparison of the growth rates of the first and the succeeding bubble, however,
showed only small differences and the influence of the growthof t e first bubble on




C.2 Single bubble growth
C.2.1 Equilibrium superheat
Each artificial cavity has an equilibrium wall superheat which can be calculated theo-
retically from Eq. 2.3. Since in this study only cavities with the same nominal mouth
diameter of10µm were used, the only changing parameter is the pressure and there-
fore the saturation temperature. The calculated equilibrium wall superheats are shown
in Table C.1.
Table C.1: Theoretically calculated equilibrium superheats for a hemispherical bub-
ble at the mouth of the cavity with a nominal diameter of 10µm.
Pressure [bar] 0.5 0.75 1 1.25 1.5
Saturation temperature [◦C] 37.53 48.8 57.3 64.21 70.08
Equilibrium superheat [K] 1.96 1.28 0.93 0.73 0.58
C.2.2 Bubble growth rate
Figure C.3 and C.4 compare the experimentally measured bubble growth from an iso-
lated cavity (S3) on the test section of the second generation w th a nominal depth
of 100µm and a mouth diameter of10µm at two wall superheats1.3 and10.1 K at
atmospheric pressure to an adjusted empirical correlationof Fritz and Ende [10]. If
the constant
√
4/π suggested by Fritz and Ende is multiplied by1.29 to fit the exper-
imentally measured final departure diameter, the correlation fails to follow the curve
between5 and45 K. For the experiment at10.1 K Fritz and Ende’s correlation was
multiplied by 0.73, in which case the correlation predicts the bubble growth almost
perfectly. The experimentally measured bubble growth froman isolated cavity (S8)
on the test section of the third generation with a nominal depth of 80µm and a mouth
diameter of10µm at three wall superheats1.4, 4.8 and8.1 K at atmospheric pressure
is compared to an adjusted empirical correlation of Fritz and E de [10] and shown in
Fig. C.5, C.6 and C.7. If the constant in Fritz and Ende’s correlation was multiplied
by 0.92, 1.05 and2.23 to fit the final departure diameter, the agreement is satisfying.
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 Adjusted Fritz and Ende
 Experiment
Figure C.3: Comparison of experimental bubble growth from an isolated cavity (S3)
with a nominal mouth diameter of 10µm and a depth of 100µm for a wall superheats
of 1.3 K at atmospheric pressure with the adjusted empiricalcorrelation of Fritz and
Ende [10]. The constant suggested by Fritz and Ende was multiplied by 1.29.
























 Adjusted Fritz and Ende
 Experiment
Figure C.4: Comparison of experimental bubble growth from an isolated cavity (S3)
with a nominal mouth diameter of 10µm and a depth of 100µm for a wall superheats
of 10.1 K at atmospheric pressure with the adjusted empirical correlation of Fritz and
Ende [10]. The constant suggested by Fritz and Ende was multiplied by 0.73.
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 Adjusted Fritz and Ende
 Experiment
Figure C.5: Comparison of experimental bubble growth from an isolated cavity (S8)
with a nominal mouth diameter of 10µm and a depth of 80µm for a wall superheat
of 1.4 K at atmospheric pressure with the adjusted empiricalcorrelation of Fritz and
Ende [10]. The constant suggested by Fritz and Ende was multiplied by 0.92.






















 Adjusted Fritz and Ende
 Experiment
Figure C.6: Comparison of experimental bubble growth from an isolated cavity (S8)
with a nominal mouth diameter of 10µm and a depth of 80µm for a wall superheat
of 4.8 K at atmospheric pressure with the adjusted empiricalcorrelation of Fritz and
Ende [10]. The constant suggested by Fritz and Ende was multiplied by 1.05.
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 Adjusted Fritz and Ende
 Experiment
Figure C.7: Comparison of experimental bubble growth from an isolated cavity (S8)
with a nominal mouth diameter of 10µm and a depth of 80µm for a wall superheat
of 8.1 K at atmospheric pressure with the adjusted empiricalcorrelation of Fritz and
Ende [10]. The constant suggested by Fritz and Ende was multiplied by 2.23.
C.2.3 Bubble departure frequency and departure diameter
Jakob and Fritz [18], and Zubert al. [19] suggested a constant productf · Dd with
increasing wall superheat, Fig. C.8, C.9 and C.10. The product calculated from ex-
perimental data is not constant and increases with increasing wall superheat in a near-
linear fashion. Both correlations over predict even the largest value of the product of
departure diameter and frequency determined from experiments. For the case of Jakob
and Fritz this is not surprising, as the empirical correlation was given for experiments
conducted in water and hydrogen.
As already mentioned in section 4.2 of chapter 4, only the range of wall superheats
which all three curves cover are considered for the comparison of trend lines of the
bubble departure diameter. At1 atm, Fig. C.11, the wall superheat ranges from1.4 to
14.2 K. At 14.2 K the departure diameters for the deepest and the most shallowcavities
are very similar. Following the slopes of the curves the40µm cavity would produce
the widest bubbles at higher wall superheats. At1.25 atm, Fig. C.12, the range of wall
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superheats which all curves cover is from1.1 to 11.1 K. The bubble diameter for the
three different cavity depths is behaving very similar as at1 atm and the40µm deep
cavity would also produce the largest bubbles at higher wallsuperheats, following the
slope of the trend line. At1.5 atm, Fig. C.13, the range of covered wall superheat is
between1.1 and9.5 K. The40µm deep cavity produces the largest departing bubbles
at 9.5 K and the smallest at1.1 K. The smallest difference in diameter for low wall
superheats is0.12 mm at 1 atm and the biggest0.18 mm at 1.25 atm. At high wall
superheats the largest differences of0.16 mm are at1 and1.5 atm. At 1.25 atm the
difference is0.14 mm.
If the bubble departure diameters for different pressures acompared, the differences
between the different dimensioned cavities are with a maximum of 0.11 mm small,
Fig. C.14, C.15 and C.16. For the40µm deep cavity departure diameters are always
smallest for1.25 atm, however, the differences are within0.05 mm. With 0.02 mm
for low wall superheats the difference in diameter is even smaller for the80µm deep
cavity. For high wall superheats the diameter for bubbles from the80µm deep cavity
increases with decreasing pressure and the bubbles produced at 1.5 atm are always
the smallest. For the last cavity with a depth of100µm the diameter increases with
decreasing pressure for high wall superheats and the largest bubbles are produced at
1 atm for all wall superheats.
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Figure C.8: Comparison of the productf · Dd from an isolated cavity (S3) with a
nominal mouth diameter of 10µm and a depth of 40µm at 1 atm with correlations
from Jakob and Fritz [18] and Zuber [19].
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Figure C.9: Comparison of the productf · Dd from an isolated cavity (S3) with a
nominal mouth diameter of 10µm and a depth of 80µm at 1 atm with correlations
from Jakob and Fritz [18] and Zuber [19].
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Figure C.10: Comparison of the productf · Dd from an isolated cavity (S3) with a
nominal mouth diameter of 10µm and a depth of 100µm at 1 atm with correlations
from Jakob and Fritz [18] and Zuber [19].
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Figure C.11: Comparison of the trend lines of the bubble departure diameter as a
function of wall superheat for a pressure of 1 atm.
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Figure C.12: Comparison of the trend lines of the bubble departure diameter as a
function of wall superheat for a pressure of 1.25 atm.









 Cavity depth: 40 m
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Figure C.13: Comparison of the trend lines of the bubble departure diameter as a
function of wall superheat for a pressure of 1.5 atm.
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Figure C.14: Comparison of the trend lines of the bubble departure diameter as a
function of wall superheat for a nominal cavity depth of 40µm.
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Figure C.15: Comparison of the trend lines of the bubble departure diameter as a
function of wall superheat for a nominal cavity depth of 80µm.
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Figure C.16: Comparison of the trend lines of the bubble departure diameter as a
function of wall superheat for a nominal cavity depth of 100µm.
C.2.4 The waiting time
In Figure C.17 to C.25 the waiting time between two departingbubbles as function
of wall superheat from cavities with a nominal depth of40, 80 and100µm and for
pressures of1, 1.25 and1.5 atm are presented. The waiting time is largest for wall su-
perheats close to the equilibrium wall superheat and decreases r pidly with increasing
wall superheat for all investigated cavity depths and set prssures. In general the max-
imum waiting time between two growing bubbles seems to increase with increasing
cavity depth. The wall superheats, for which the waiting time is larger than the tem-
poral resolution (1 ms), is varying strongly. For a nominal depth of80µm there was
no waiting time detected above wall superheats between4 to 5 K. For the two other
cavity depths the waiting time appears for much higher wall superheats, up to17.5 K.
The error bars indicate the standard deviation between the average of the five mea-
sured bubbles. The waiting time between two bubbles can varystrongly for the same


























Figure C.17: Waiting time during bubble growth as a function of wall superheat from
an isolated cavity (S3) with a nominal mouth diameter of 10µm and a depth of 40µm
at 1 atm.






















Figure C.18: Waiting time during bubble growth as a function of wall superheat from


























Figure C.19: Waiting time during bubble growth as a function of wall superheat from
an isolated cavity (S3) with a nominal mouth diameter of 10µm and a depth of 40µm
at 1.5 atm.






















Figure C.20: Waiting time during bubble growth as a function of wall superheat from


























Figure C.21: Waiting time during bubble growth as a function of wall superheat from
an isolated cavity (S3) with a nominal mouth diameter of 10µm and a depth of 80µm
at 1.25 atm.






















Figure C.22: Waiting time during bubble growth as a function of wall superheat from


























Figure C.23: Waiting time during bubble growth as a function of wall superheat from
an isolated cavity (S3) with a nominal mouth diameter of 10µm and a depth of 100µm
at 1 atm.






















Figure C.24: Waiting time during bubble growth as a function of wall superheat from


























Figure C.25: Waiting time during bubble growth as a function of wall superheat from
an isolated cavity (S3) with a nominal mouth diameter of 10µm and a depth of 100µm
at 1.5 atm.
C.3 Vertical coalescence
In Figure C.26, C.27 and C.28 the average frequency of vertical coalescence is sub-
tracted from the average nucleation frequency resulting inthe bubble departure fre-
quency. The number of departed bubbles per second like the number of bubble nucle-
ations per second decreases with increasing pressure. Withincreasing wall superheat
the bubble departure frequency initially increases sharply and seems to level off, with
this behaviour being less pronounced compared to the nucleation frequency at0.5 bar.
However, the results for0.5 and0.75 bar are rather scattered and for1 bar the initial
increase is less noticeable.
As for the pressures of1, 1.25 and1.5 atm in section 4.2 and 4.4 in chapter 4 the bub-
ble departure diameter and the evaporative heat flux compared to the input heat flux as
a function of wall superheat are presented in Fig. C.29, C.30, C.31, C.33, C.34 and
C.35. The bubble departure diameter as a function of wall superheat represents the
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averaged diameter of five bubbles for each wall superheat andthe error bars represent
the standard deviation. Only bubbles without prior vertical coalescence were consid-
ered. As the artificial cavity at S8 on the test section of the third generation has less
spacing in between adjacent cavities than the cavity at S5 onthe test section of the sec-
ond generation, the regions of influence following Zhang andShoji [6] were included
in each plot. For all three pressure conditions the departure diameter is increasing in
a near-linear fashion with increasing wall superheat. As previously shown in chapter
4, section 4.2, there is no obvious influence of pressure visible. However, if the trend
lines are plotted together and compared with each other, small differences are revealed,
Fig. C.32. Only the regions of wall superheat where all curves have data points are
discussed. The slopes of the trend lines for0.5 and0.75 bar are very similar. The
bubble departure diameter is largest at0.5 bar. For low wall superheats the departure
diameter at1 bar is in the middle and for high wall superheats diameters at0.75 and
1 bar are almost the same. However, the slope of the trend lines indicates that for even
higher wall superheats the expected behaviour of increasing bubble departure diameter
with increasing pressure appears.






































Figure C.26: Bubble departure frequency as a function of wall superheat from an








































Figure C.27: Bubble departure frequency as a function of wall superheat from an
isolated cavity (S8) with a nominal mouth diameter of 10µm and a depth of 80µm at
0.75 bar.




































Figure C.28: Bubble departure frequency as a function of wall superheat from an
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Figure C.29: Bubble departure diameter as a function of wall superheat from an iso-
lated cavity (S8) with a nominal mouth diameter of 10µm and a depth of 80µm at
0.5 bar. The regions of influence following Zhang and Shoji [6] are indicated. A linear
trend line was fitted to the data.
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Figure C.30: Bubble departure diameter as a function of wall superheat from an iso-
lated cavity (S8) with a nominal mouth diameter of 10µm and a depth of 80µm at
0.75 bar. The regions of influence following Zhang and Shoji [6] are indicated. A
linear trend line was fitted to the data.
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Figure C.31: Bubble departure diameter as a function of wall superheat from an iso-
lated cavity (S8) with a nominal mouth diameter of 10µm and a depth of 80µm at
1 bar. The regions of influence following Zhang and Shoji [6] are indicated. A linear
trend line was fitted to the data.






































Figure C.32: Comparison of the trend lines of the bubble departure diameter as a
function of wall superheat from an isolated cavity (S8) witha nominal mouth diameter
of 10µm and a depth of 80µm at 0.5, 0.75 and 1 bar.
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The transport of heat by latent heat of vaporisation is estimated from the product of
the measured bubble frequency and the volume of a sphere of equivalent diameter to
the bubble departure diameter, chapter 4, section 4.4. Thisis then expressed as an
evaporative heat flux (based nominally on the projected areaof the bubble), which is
a factorN times the input heat flux. This evaporative heat flux can be calcul ted from
Eq. 4.2 in section 4.4 of chapter 4. The input heat flux and the evaporative heat flux
increase linearly with increasing wall superheat over a considerable range, withN = 1
andN = 4, Fig. C.33, C.34 and C.35. This behaviour is less obvious forN = 1 as the
data expresses more scatter, especially at0.75 bar. The fitting lines on all plots have a
slope of0.6 and1.4 kW/m2K. Other than for the test section of the second generation, the
projected bubble area had to be multiplied by4. As the calculation of the evaporative
heat flux for the second generation test section revealed previously, evaporation may
not occur entirely at the triple contact line or micro-layerb low a bubble. Some of the
wall heat flux may be transferred to a layer of superheated liquid by bubble-induced
convection and then to the dome of the bubble.































Figure C.33: Evaporative heat fluẋq′′e and input heat fluẋq
′′ with factorN = 1 and
N = 4 as functions of wall superheat from an isolated cavity (S8)with a nominal
mouth diameter of 10µm and a depth of 80µm at 0.5 bar.
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Figure C.34: Evaporative heat fluẋq′′e and input heat fluẋq
′′ with factorN = 1 and
N = 4 as functions of wall superheat from an isolated cavity (S8)with a nominal
mouth diameter of 10µm and a depth of 80µm at 0.75 bar.





























Figure C.35: Evaporative heat fluẋq′′e and input heat fluẋq
′′ with factorN = 1 and
N = 4 as functions of wall superheat from an isolated cavity (S8)with a nominal
mouth diameter of 10µm and a depth of 80µm at 1 bar.
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Figure C.36: Vapour volume evolution from nucleation, over vertical coalescence to
the departure of the coalesced bubble for 10 cases of vertical coalescence. The time at
which coalescence occurs was set as the zero point and the vapour volume normalised
with the volume of the merged bubbles at departure. Vapour production of an isolated
cavity (S8) with a nominal mouth diameter of 10µm and a depth of 80µm at 0.5 bar
and a wall superheat of 7.9 K (applied heat flux 4.8kW/m2).
Vapour volume evolution starting from nucleation, over vertical coalescence to the de-
parture of the coalesced bubble for ten cases of vertical coalescence with the time at
which coalescence occurs set as the zero point was presentedin Fig. 5.15 in chapter
5. To allow a better comparison between the different cases,th vapour volume was
normalised with the volume of the merged bubbles at departure, Fig. C.36. The com-
parison reveals that for smaller bubbles the vapour volume is increasing faster to reach
the normalised departure volume.
The bubble shapes of the images from10 to 14 ms in Fig. 5.2 in chapter 5 were
extracted with a suitable threshold. Assuming axial symmetry around the vertical axis
the rotated shapes forming the bubble volumes are presentedin Fig. C.37 to C.42.
The inclination of the high frame rate camera of about20 ◦ was not taken into account.
At 10 ms, Fig. C.37, the bubble forms a geometry similar to a sphere connected to
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the heated surface by a neck. One millisecond later, Fig. C.38, the bubble contact
area starts to widen and the total volume is increasing with the top of the bubble not
rising. At12 ms, Fig. C.39, the second nucleated bubble becomes visible at th bottom.
The contact diameter reaches its maximum and the volume is naturally still increasing
further. At13 ms, Fig. C.40, the second bubble merges with the preceding bubble and
funnel-like geometry is formed, while the contact diameteris decreasing. In Figure
C.41 the coalesced bubble is almost completely detached from the wall. The small
amount of vapour remaining on the heated wall will grow to a new bubble as shown in
Fig. C.42, where the contact area has already increased again. This newly nucleated
bubble will not merge with its departed predecessor. The change of total bubble vapour,
the maximum diameter, the diameter of the bubble base diameter and the location of




























Figure C.37: Three-dimensional view of the bubble formed by the two-dimensional




























Figure C.38: Three-dimensional view of the bubble formed by the two-dimensional


























Figure C.39: Three-dimensional view of the bubble formed by the two-dimensional




























Figure C.40: Three-dimensional view of the bubble formed by the two-dimensional


























Figure C.41: Three-dimensional view of the bubble formed by the two-dimensional






















Figure C.42: Three-dimensional view of the bubble formed by the two-dimensional
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Figure C.43: Maximum bubble diameter, location of the bubble apex, bubble ase
diameter and total vapour volume in time measured from Fig. C.37 to C.42.
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The above mentioned Figures have to be considered with care.Th information ex-
tracted and presented in Fig. C.43 can also directly be extracted from 2D high-speed
image sequences. The 3D illustrations presented in Fig. C.37 to C.42 are meant to give
a better visualisation of vertical coalescence. There are many uncertainties which have
to be considered, as the quality of the original images (especially close to the boiling
substrate), the uncertainty introduced by image processing, the assumption of verti-
cal axial symmetry (which is not perfect in 2D) and the possible existence of trapped
liquid in between two merging bubbles.
C.4 Nucleation site interaction
C.4.1 Vertical coalescence
During bubble growth from two adjacent artificial cavities for spacings of1.5, 1.2 and
0.84 mm, at pressures of0.5 and1 bar, vertical coalescence occurred. In Figure C.44
to C.49 the frequency of vertical coalescence as a function of wall superheat for the
above experimental conditions is shown. At0.5 bar vertical coalescence appears above
wall superheats above3 K for all three spacings, Fig. C.44, C.45 and C.46. After a
rapid initial increase, the frequency of vertical coalescence seems to level off, before it
starts to drop between9 and10 K. This is less obvious for a cavity spacing of1.5 mm,
as in this case measurements only up to around10.5 K were possible. No influence of
spacing is obvious or it may be hidden in the rather scattereddata.
At 1 bar vertical coalescence starts to appear for wall superheats btween3 and5 K for
all cavity spacings, Fig. C.47, C.48 and C.49. Other than fora p essure of0.5 bar, the
frequency increases slowly up to maximum values of60 Hz and is far less scattered. All
three cavity spacings behave quite similarly and only smalldifferences are visible. The





































Figure C.44: Frequency of vertical coalescence as a function of wall superheat with a
spacing of 1.5 mm between the two cavities S5 and S6 at 0.5 bar.

































Figure C.45: Frequency of vertical coalescence as a function of wall superheat with a
spacing of 1.2 mm between the two cavities S3 and S4 at 0.5 bar.
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Figure C.46: Frequency of vertical coalescence as a function of wall superheat with a
spacing of 0.84 mm between the two cavities S1 and S2 at 0.5 bar.































Figure C.47: Frequency of vertical coalescence as a function of wall superheat with a
spacing of 1.5 mm between the two cavities S5 and S6 at 1 bar.
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Figure C.48: Frequency of vertical coalescence as a function of wall superheat with a
spacing of 1.2 mm between the two cavities S3 and S4 at 1 bar.

































Figure C.49: Frequency of vertical coalescence as a function of wall superheat with a
spacing of 0.84 mm between the two cavities S1 and S2 at 1 bar.
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C.4.2 Bubble departure diameter



































Figure C.50: Comparison of the trend lines of the bubble departure diameter as a
function of wall superheat for cavity spacings of 0.84 mm (S1and S2), 1.2 mm (S3 and
S4) and 1.5 mm (S5 and S6), and an isolated cavity (S8) at 0.5 bar.
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Figure C.51: Comparison of the trend lines of the bubble departure diameter as a
function of wall superheat for cavity spacings of 0.84 mm (S1and S2), 1.2 mm (S3 and
S4) and 1.5 mm (S5 and S6), and an isolated cavity (S8) at 1 bar.
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